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Accumulation of algal biomass under thinning Arctic sea ice 
(image diameter ~25 meters). This photograph was taken on 
17 September 2012 in the central Arctic basin at 85°30’47”'N, 
59°54’11”E, from the bridge of the research vessel Polarstern. 
Here, the central ice floe is surrounded by a green cloud 

of sub-ice diatoms. Current trends in sea-ice thinning 

may influence algal growth in this region. See page 1430. 
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High-Resolution Spectrum 
of an Exoplanet 


Unlike most of the extrasolar planets we 
know about, the four planets around 
the star HR 8799 were detected directly. 
Konopacky et al. (p. 1398, published online 14 
March; see the Perspective by Marley) 
obtained a high-resolution spectrum of 
one of the planets that reveals both 
water and carbon monoxide but not 
methane in the planet's atmosphere. 
The atmospheric carbon-to-oxygen ratio, 
which traces the process of planet formation, is 
greater than that of the host star, providing clues 
to how the planets formed. 


Photonic Spin Hall Effect 


When charged carriers move in a magnetic field, 
they are deflected—an effect known as the Hall 
effect. Electrons possess charge and spin, a 
property related to magnetism. The symmetry of 
electromagnetism then allows for a spin Hall ef- 
fect whereby the spin is deflected by an electric 
field. In optics, photons, too, have electric and 
magnetic components and should thus also ex- 
hibit a corresponding photonic spin Hall effect. 
Using designer metamaterial surfaces, Yin et 
al. (p. 1405) show that the spin-orbit coupling 
for photons can be amplified, giving rise to an 
observable photonic spin Hall effect. 


Rewiring DNA 
Origami 


Complex DNA nanostructures can 
be formed from a long scaffold 
strand of DNA by binding many 
shorter “staple” 
strands. In these DNA 
origami structures, the 
path of the scaffold 
X) has been restricted 
by a double-crossover 
motif to form parallel 
helices. Han ef al. 

(p. 1412) now describe a 
more flexible approach based on a “gridiron 
unit” in which four four-arm junctions link 
together to form a two-layer square frame. A 
variety of two- and three-dimensional structures 
were created, including highly curved structures, 
such as a sphere and a screw. 


Bringing Down Landslides 


Measuring landslide mechanics remotely, like 
seismic networks are used to quantify and locate 
earthquakes, would provide valuable information 
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to understand these often catastrophic and costly 
natural hazards. Ekstrém and Stark (p. 1416; 
see the Perspective by Petley) analyzed global 
seismic network data using a method that identi- 
fies long-period events not recorded by traditional 
monitoring networks. The global seismic network 
was able to record landslide events and quantify 
dynamic properties—including duration, total 
mass, and direction of debris flow. The analysis 
located and quantified a series of seven previously 
undocumented massive landslides associated with 
the Siachen Glacier in the Himalayas. 


Dissecting TLR8 
Interactions 


Toll-like receptors (TLRs) activate the innate 

immune system in response to invading 
pathogens. TLR7 and TLR8 recognize single- 
stranded RNA from viruses and also contribute to 
the pathogenesis of autoimmune diseases. Tanji 
et al. (p. 1426) now report the crystal structure 
of the unliganded TLR8 ectodomain and the TLR8 
ectodomain bound to three different small- 
molecule agonists. Ligand binding to preformed 
TLR8 dimers induced conformational changes that 
brought the C-terminal domains closer together, 
presumably initiating downstream signaling. 


Making the Cut 


Dynamin is the prototypical member of a large 
family of structurally related guanosine triphos- 
phatases involved in membrane fission and 
fusion. A variety of models have been suggested 
to explain how dynamin works. Shnyrova et al. 
(p. 1433; see the Perspective by Holz) reconsti- 
tuted dynamin-mediated membrane scission on 
lipid nanotubes and suggest a molecular model 
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<< Seeing Spots 


Some flies in the Drosophila melano- 
gaster lineage exhibit wing spots, 
which vary among species. Exam- 
ining the underlying genetics of 

spot determination, Arnoult 

et al. (p. 1423) provide evi- 
dence for a two-step scenario for 

the origin and diversification of 

patterning novelty in these fly wings. 
The findings suggest that the two-step 
model may generally apply to the 
emergence and diversification of traits 
in plants and animals. 


for dynamin activity that takes into consider- 
ation all known aspects of dynamin function. 


Interfering with Interferons 


Infections with Mycobacteria, including Mycobac- 
terium leprae or M. tuberculosis, vary substan- 
tially in their clinical presentation. For instance, 
in some cases of M. leprae, the infection is self- 
healing with very few lesions. In contrast, some 
people experience the disseminated form, where 
skin lesions abound and bacteria are abundant. 
In patients infected with M. leprae, Teles et al. 
(p. 1448, published online 28 February) found 
that the disseminated disease associates with a 
type | interferon gene signature, whereas the self- 
healing form associates with a type Il interferon 
gene signature. In cultured cells, type | interferon 
and its downstream signaling cascade inhibited 
the antimicrobial response induced by type II 
interferons, providing a potential explanation for 
why robust disease rather than protection is seen 
in some cases of infection. 


Ear, Ear 


Development of the middle ear has been the 
subject of competing hypotheses. Thompson 
and Tucker (p. 1453; see the Perspective by 
Fekete and Noden) used transgenic mice to 
follow the cell types that form the middle ear. 
During development of the middle ear, a bal- 
loon of endoderm expands that bursts, allowing 
entry of mesenchymal neural crest cells. As the 
mesenchyme withdraws, a cavity is formed, partly 
lined with remnants of the endodermal balloon. 
The mature middle ear in mouse is thus lined 
partly by endoderm, with its rich ciliation typical 
of mucosal epithelia, and in part by neural crest 
cells, which lack cilia. 
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Additional summaries 


Mind the Vacancies 


Varying the carrier density of solid-state systems 
to manipulate their electrical properties usu- 

ally involves chemical doping, which can lead 

to disorder. Recently, ionic liquids have been 
used to form an electronic double layer on the 
surface of a material, tuning its carrier density 
by the application of an electric field. Jeong et 
al. (p. 1402) used liquid gating on VO,, which 
undergoes a metal-insulator transition close to 
room temperature. The liquid gating suppressed 
the transition to lower and lower temperatures; 
however, the material remained in the metallic 
state, even when the gating fluid was washed off. 
It appears that, instead of a simple electrostatic 
effect, the properties of VO, are modulated by the 
introduction of oxygen vacancies, an electro- 
chemical consequence of high electric fields. The 
results imply that careful interpretation of liquid 
gating experiments in condensed matter physics 
is needed. 


Three Tales of 
Wnt Signaling 


The Wnt signaling pathway has important roles 
in regulating many biological processes during 
development and is also implicated in the behav- 
ior of some cancer cells (see the Perspective by 
Berndt and Moon). Cruciat et al. (p. 1436, pub- 


lished online 14 February) describe the mecha- 
nism of action of a protein found in a screen for 
proteins that influence Wnt signaling. DDX3, a 
DEAD-box RNA helicase, is required for proper 
Wnt signaling in Xenopus and Caenorhabditis 
elegans. \t appears to act not through its action as 
an RNA helicase or through adenosine triphos- 
phate binding, but rather by interacting with the 
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protein kinase, casein kinase 1, and promoting 

its activation. Huang et al. (p. 1441, published 
online 31 January) investigated the function of 
receptor-interacting protein kinase 4 (RIPK4), the 
product a gene whose mutation causes severe 
developmental defects in mice and humans. Over- 
expression of the protein in cultured human cells 
activated transcription of genes regulated by the 
Wnt signaling pathway, and loss of RIPK4 function 
inhibited Wnt signaling in Xenopus embryos. At 
the molecular level, RIPK4 interacted with the Wnt 
co-receptor LRP6 and the Wnt signaling adaptor 
protein DVL2 and promoted phosphorylation of 
DVL2. Habib et al. (p. 1445) used Wnt-immo- 
bilized beads to understand how external cues 
direct asymmetrical stem cell divisions. Spatially 
restricted Wnt signals oriented the plane of mitotic 
division and lead to pluripotency gene expres- 
sion in the Wnt-proximal daughter cell while the 
more distal daughter cell acquired hallmarks of 
differentiation. Thus, asymmetric gene expression 
patterns can arise as a consequence of orientation 
by a short-range signal. 


Walking on Sand 


Studies of objects moving through air or water 
have provided detailed models for designing 
objects with better flow dynamics. Examples 
include aircraft fins and wings, robots used 

as underwater probes, and even swimsuits to 
enhance swimmers’ competitive- 
ness. Much less is known about 

the mechanics of moving objects 
on or in materials that themselves 
have non-uniform dynamics. 

For example, when walking on a 
granular medium like sand, the 
moving leg and foot may penetrate 
to varying depths with small changes 
in material properties. Li et al. (p. 1408; see 
the Perspective by Hunt) study this system and 
develop a model for predicting the motion of 
legged bodies on granular media for a range 
of leg shapes and motion speeds. Factors that 
complicate the motion include leg shape and 
size and movement direction, as well as the size 
shape, and uniformity of the granular material. 
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Working Together 


The variability of atmospheric carbon dioxide 
concentrations over glacial cycles, which are cen- 
tral aspects of the climate cycle, was documented 
decades ago. However, it has been difficult to 
identify which mechanisms have driven CO, 
variability. Attention has focused on the Southern 
Ocean, because of its unique combination of 
hydrology and biology, although it has not been 
clear how the different behaviors of its Antarctic 
and Subantarctic zones might be reconciled with 
the observations of atmospheric CO, change. 
Jaccard et al. (p. 1419) present a record of 
productivity from the Atlantic Antarctic Zone that 
extends back in time far enough to cover the last 
10 glacial cycles. The findings show how the com- 
bination of effects in the Antarctic and Subant- 
arctic zones can explain most of the atmospheric 
CO, record over the past million years. 


Diatom Fall 


2012 saw the greatest Arctic ice minimum ever 
recorded. This allowed unprecedented access for 
research vessels deep into the Arctic Ocean to 
make high-latitude observations of ice melt and 
associated phenomena. From the RV Polarstern 
between 84° to 89° North, Boetius et al. (p. 
1430, published online 14 February; see the 
cover) observed large-scale algal aggregates of 
the diatom Melosira arctica hanging beneath 
multiyear and seasonal ice across a wide range 
of latitudes. The strands of algae were readily 
dislodged and formed aggregates on the seabed 
up to 4400 meters below, where the algae are 
consumed by large mobile invertebrates, such 
as sea cucumbers and brittle stars. Although 
Nansen observed sub-ice algae in the Arctic 100 
years ago, the extent of this bloom phenomenon 
was unknown. The dynamics of such blooms 
must impinge on global carbon budgets, but 
how the dynamics will change as ice melt be- 
comes more extensive remains unclear. 
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Two Revolutions in Learning 


THE DAZZLING PROMISE OF AFFORDABLE, HIGH-QUALITY, GLOBALLY ACCESSIBLE ONLINE COURSES 
has renewed attention to learning and teaching. The opportunity to realize the full potential of 
so-called MOOCs (massively open online courses) may reside in a parallel, yet often uncon- 
nected, revolution in learning. Applying our understanding of undergraduate learning to online 
environments will build their educational value, while the scale and speed of data generation 
from MOOCs can accelerate research on learning. Approached iteratively, the outcomes can 
be transformative. 

To improve the quality of education, U.S. universities are being called on to use a broader 
range of research-based practices to enhance student learning in the classroom.* These prac- 
tices need to be brought to scale online. A 2012 report released by the U.S. National Research 
Council (NRC) summarizes what we know about undergraduate learning in science and 
engineering. + Across all sciences, students struggle with fundamen- 
tal concepts and underlying ideas, at both large and small spatial and 
temporal scales. Visual representations are crucial to conceptualizing 
and communicating science, but students often have difficulty inter- 
preting the models, simulations, and graphs that are key to attaining a 
true understanding of science domains. And in problem solving, stu- 
dents too often focus on the superficial aspects of a problem, whereas 
experts know to focus on underlying principles. And yet, for example, 
research demonstrates that problem-solving skills can be developed 
through discussion-oriented learning environments where students 
collaborate, through the use of open-ended, real-world problems, and 
through tasks that provide students with prompts and guides. These 
findings must be translated into MOOCs. 

In hybrid models—online plus face-to-face—learning can be accel- 
erated, but there are many open questions. In some “flipped classrooms,” 
students view lectures online in advance of class, with class time reserved for engaging discus- 
sions. This strategy has drawn both praise and skepticism. Informing students about concepts 
and procedures before giving them practice in class undermines the type of learning needed for 
transferring and applying understanding; students who confront problems before the explanation 
are better able to use their knowledge in other contexts. Thus, we still have much to learn about 
learning, both in brick-and-mortar classrooms and in blended or fully online environments. If 
meaningful learning analytics, informed by research on learning, are used to mine the mountains 
of online data that can be harvested from MOOCs, we can fill in many important gaps in our 
understanding. For example, how do students of different backgrounds and ages respond to dif- 
ferent instructional strategies? How does learning develop over multiple courses and years, and 
how can students transfer understanding of cross-cutting concepts across courses? We need to 
tease apart which aspects of learning require face-to-face teaching, such as the development of 
expression, presentation, and advocacy skills. Which social features of give-and-take exchanges 
in the classroom are essential to build student involvement and commitment to learning? When 
is real “human scaffolding” required for discourse, argumentation, mentoring, and making con- 
ceptual leaps? How can online resources enhance the learning-by-doing aspects of research? 

Online technology will not stand still; its interactive social and evaluation features will 
evolve, and the boundaries between online and face-to-face education will shift and affect the 
answers to such questions. Students will increasingly be learning in both physical and virtual 
spaces. It’s the human-online symbiosis—the right blend of students, teachers, and teams with 
online capabilities, all informed by advances in learning science—that will be the enabler for a 
new generation of science learning. Let’s not miss the opportunity to transform higher education 
by effectively integrating the online and learning science revolutions. 

— Susan R. Singer and William B. Bonvillian 


*www.whitehouse.gov/sites/default/files/microsites/ostp/pcast-engage-to-excel-final_2-25-12.pdf. 
+www.nap.edu/openbook.php?record_id=13362. {D. L. Schwartz et al., J. Educ. Psychol. 103, 759 (2011). 
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EDITORS’CHOICE 


Returning Home 


There have been many discussions of the importance of “returnees,” expatriates who have gained their technical 


education in the United States and then return to their native country. Kenney et al. examine the supposition that 


such returnees have been responsible for pioneering new industries in China, Taiwan, and India, with a focus on the 
information and communications technology (ICT) industry. Although each country had its own history of develop- 


The Effects of Land-Use Change 


Land-use changes around the world are affecting 
local and regional climate, but the exact patterns 
of these changes remain poorly understood. 
Georgescu et al. modeled the hydroclimatic ef- 
fects of the boom in sugarcane production within 
south-central Brazil, 
where most of the 
sugarcane plantations 
are located and where 
further intensification 
is expected. In their 
model, conversion 
from other cropland or 
savannah to sugarcane 
leads to a cooling by 
around 1°C at the 
peak of the growing season, because sugarcane 
reflects more incoming sunlight than does the 
former land cover. Warming by ~1°C is found 
after harvest. Rainfall changes were more dif- 
ficult to predict, but the authors suggest that a 
net annual drop in the transfer of water from 
land to atmosphere could lead to reduced rain- 
fall. Christidis et al. analyzed past observations 


and model results to find out whether land-use 
changes across the world have had an effect on 
temperature extremes. Trees absorb more incom- 
ing sunlight than grassland; thus, replacing 
trees with grasslands tends to cool the climate. 
The authors find that this effect of land-use 
change can be detected in mean and extreme 
warm temperatures, although the effect is much 
smaller than the warming caused by other hu- 
man influences on the climate. These two studies 
suggest that land-use changes must be included 
in projections of future climate change. — JFU 
Geophys. Res. Lett. 10.1002/grl.50206; 
10.1002/grl.50159 (2013). 


Stressful Lipids 


Lipid perturbations activate the endoplasmic 
reticulum (ER) unfolded protein response (UPR), 
and UPR activity modifies cellular and organismal 
responses to changes in dietary lipids. The physi- 
ological ramifications of the lipid-UPR axis affect 
diseases of aging such as diabetes, atherosclerosis, 
and cirrhosis, but its molecular basis has remained 
obscure. It is unclear if the sensors of the UPR 
respond to altered membrane lipid composition 


: om ryt Hie ° 


ment, returnees were important in the expansion of domestic industries, not at the start. For example, none of the 
founders of the pioneering ICT companies examined in China were educated or had worked in the United States. 
Rather, government support and interactions with multinational companies were crucial in providing fertile ground 
for domestic entrepreneurs in all three regions studied. Although this analysis is focused only on one type of indus- 
try, these insights could help policy-makers in thinking about the best way to nurture industry development. For 
example, it may be more important to first build an environment conducive to local entrepreneurs than to invest 
money in enticing émigrés to return home to a system that is not yet ready to build on their contributions. — B) 


Res. Pol. 42, 391 (2013). 


because of its indirect effects on the protein- 
folding environment in the ER lumen or if direct 
sensing of lipids contributes to UPR activation. 
Working in mammalian tissue culture cells, 
Volmer et al. found that the mammalian UPR 
sensors PERK and IRE1 lacking their lumenal 
stress-sensing domains selectively lost the ability 
to respond to unfolded protein stress, but retained 
sensitivity to changes in membrane lipids. This 
sensitivity to changes in lipid composition was 
reconstituted in vitro in liposomes with defined 
acyl-chain saturation, which suggests that a UPR 
transducer can directly sense and respond to its 
lipid environment. — SMH 

Proc. Natl. Acad. Sci. U.S.A. 110, 10.1073/ 

pnas.1217611110 (2013). 


3D Pathfinder 


As laser technology grows ever more sophisti- 
cated, chemists continue to home in on a goal of 
precisely controlling reactivity through the use of 
light. Applied photochemistry, of course, is cen- 
turies old, and it has long been possible to vary 
outcomes by populating different excited states 
via different impinging wavelengths. In the 
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past several decades, however, the capability of 
fine-tuning phase in ultrashort laser pulses has 
helped to enable a degree of coherent control of 
the light-matter interaction. Nonetheless, steer- 
ing molecules (or even atoms) through a maze of 
different quantum pathways in real time remains 
a major challenge, given the complexity of the 
energy landscape. Li et al. showcase a technique 
to map out this landscape in particularly fine 
detail, in the interest of facilitating coherent 
control. Termed optical three-dimensional (3D) 
Fourier transform spectroscopy, the method 
builds on previously developed 2D schemes, 
effectively resolving all the transition energies, 
dipole moments, and relaxation rates associ- 
ated with the system Hamiltonian within the 
bandwidth of the excitation source. The authors 
applied the method to a sample of potassium 
vapor as a proof of principle. — JSY 

Nat. Commun. 4, 1390 (2013). 


BEHAVIOR 
People Like Us 


Do |, a citizen of a country, want a legally resident 
immigrant to enjoy the rights of citizenship? 
There are, of course, many characteristics of an 
immigrant—such as country of origin, educa- 
tion or professional attainment, and language 
fluency—that might influence my answer. 
Hainmueller and Hangartner assess how citizens 
incorporate these factors into their votes for or 
against individual citizenship applications. They 
examined 2400 naturalization referendums held 
over a 30-year period in 40 Swiss municipalities; 
voters were supplied with detailed descriptions 
of each applicant before secret ballot- 
ing. For otherwise comparable 
applicants, there was a 
large effect of country 
of origin (northern 
and western Europe 
favored over Turkey), 
a small effect of human 
capital status (skilled over 
unskilled), and no effect of 
proficiency in Swiss German. 
They went on to calculate that 
statistical discrimination (group 
membership) accounted for 
almost half of the country effect, 
with highly skilled or educated Turk- 
ish immigrants losing out by only 7 to 8 percent- 
age points. Further analysis of temporal trends 
revealed that the remaining country of origin 
penalty could be linked to xenophobic attitudes 
evoked by feelings of out-group threat, or in 
other words, taste-based discrimination. — GJC 
Am. Pol. Sci. Rev. 107, 159 (2013). 
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PHYSICS 
Optical Beam-Steering 


Antenna arrays have long been used for 
communication and sensing purposes. In the 
microwave and radio wavelength regime of the 
electromagnetic spectrum, arrays of antennas 
in which the phase and amplitude input to each 
element is varied can provide tailored beam 
profiles with controlled directionality. Applica- 
tions can be found across many fields, from 
target tracking and guidance to astronomy and 
weather observations. Carrying over the principles 
of phased-array antenna technology, DeRose 
et al. have developed an optical phased array 
based on metallic nanoemitters patterned on 
a complementary metal-oxide semiconductor 
(CMOS)—compatible substrate. With the input 
to each antenna element fed in using a coupled 
waveguide integrated with a phase shifter, they 
show that electrical control of the phase results in 
wide-angle beam-steering capability. Operating 
at near-infrared wavelength, the ability to ma- 
nipulate an optical beam over a two-dimensional 
area should find use in compact high-speed com- 
munication over free space. — ISO 

Opt. Express 21, 5198 (2013). 


EDUCATION 
Testing at a Higher Level 


The development of higher-order cognitive skills 
(HOCSs) is central to recent education reform ef- 
forts, yet data indicate that few courses are able to 
successfully assess these skills. Lemons and Lem- 
ons performed qualitative analysis on interviews 
they conducted with biologists involved in writ- 
ing and reviewing test questions in order to 
document their ideas relating to HOCSs. Not 
surprisingly, most study participants used 
Bloom’s taxonomy to logically analyze 
questions. However, 62% of categorical 
data relating to question design fell 
outside of Bloom’s category and into 
categories labeled question difficulty, 
time required, student experience, 
and correct answers. Regrettably, 
some participants demonstrated 
an assumption that questions 
have one correct answer and not 
multiple solutions, possibly highlighting their 
discomfort with HOCSs. Taken together, results 
suggest that, when asked to assess HOCSs, partici- 
pants did not use Bloom’s taxonomy in a vacuum. 
Instead, they integrated their own assumptions 
and misconceptions regarding HOCSs into the 
questions they wrote, suggesting that professional 
HOCSs assessment training may be useful. — MM 
CBE Life Sci. Educ. 12, 47 (2013). 
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economy,” Germany’s federal government has 
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Daini Atsumi Knoll, Japan 1 


Japanese Draw Methane 
From Sea Floor 


Ina world first, a Japanese group extracted 
natural gas from a deep-sea methane hydrate 
deposit. Methane hydrate, a mixture of ice 
and methane molecules, is found in perma- 
frost and beneath the sea floor. 

The Japan Oil, Gas and Metals National 
Corporation (JOGMEC) adapted oil-drilling 
technology and relied on Chikvu, Japan’s 
deep-sea research drilling vessel, for the 
experimental probe at the Daini Atsumi 
Knoll, about 80 kilometers southeast of 
Atsumi Peninsula. Working in 1000-meter- 
deep water, the crew drilled through 


Chikywextracts 
methane hydrate: 


330 meters of overlying sediment into a 
60-meter-thick sandy layer containing the 
methane hydrate. Pumping water out of the 
sandy formation decreased pore pressure, 
allowing the gas to dissociate from the ice 
and flow through piping up to the ship. 

JOGMEC estimates that an amount 
equivalent to 11 years’ worth of Japan’s cur- 
rent natural gas imports could be recovered 
from the test-site deposit. But environ- 
mentalists worry about leaks of methane, a 
greenhouse gas, and detrimental impacts on 
the marine environment. 

JOGMEC started related R&D in 2001 
and plans to continue technical development 
through 2018. 


Washington, D.C. 2 


Yellow Light for Anthrax 

Vaccine Trial in Children 

President Barack Obama’s bioethics com- 
mission says that the U.S. government could 
consider testing the anthrax vaccine in chil- 
dren, if certain conditions are met. 

Whether and how to test biodefense treat- 
ments in children is ethically challenging 
because such studies would expose kids to 
the risks of, say, a new vaccine, when they 
are unlikely to directly benefit. The Presiden- 
tial Commission for the Study of Bioethi- 
cal Issues investigated after another federal 
advisory board voted in favor of conducting 
an anthrax vaccine trial in children (Science, 
4 November 2011, p. 577). 

In a 146-page report this week, the bio- 
ethics commission says that an anthrax vac- 
cine trial—as well as other tests of medical 
countermeasures in children—could “be 
considered” if data for young adults show 
that the risks are minimal for older children. 
The vaccine could be tested in the older 
group and then in progressively younger age 
groups. A study posing greater than minimal 
but still minor risk would require approval by 
a national ethics panel. http://scim.ag/anthvac 


Brussels 3 


Proposed E.U. Pesticide Ban 
Fails to Win Support 
The European Commission has failed to 
win over E.U. member states for restrictions 
on the use of neonicotinoids, widely used 
pesticides that have been linked to declin- 
ing bee populations. The plan was scuttled 
ina 15 March vote that angered environ- 
mental activists. 

Under the commission’s January pro- 
posal, neonicotinoids would be banned 


Activists urge bans on bee-killing pesticides. 


from flowering crops such as corn, sunflow- 
ers, and rapeseed for 2 years starting this 
summer. The commission based the ban on 
growing evidence that neonicotinoids pose 
a threat to bee health, including three Janu- 
ary reports from the European Food Safety 
that described the threat as an “acute risk.” 
Only 13 of the 27 member states supported 
the ban; five others, including Germany and 
the United Kingdom, whose votes carry 
more weight because of their size, abstained. 
The commission must now decide whether 
to revise the proposal or take the vote to an 
appeals committee. 

The vote was hailed by neonicotinoid 
manufacturers Bayer CropScience and Syn- 
genta, which dispute the evidence for envi- 
ronmental harm. “We are pleased that EU 
Member States did not support the Euro- 
pean Commission’s shamefully political 
proposal,” said Syngenta Chief Operating 
Officer John Atkin in a statement. 


Bethesda, Maryland 4 


Hughes Gives $22 Million 

To Bolster Teaching Training 

The Howard Hughes Medical Institute this 
week gave $22.5 million to expand a network 
of universities using an approach (UTeach) 
developed at the University of Texas to train 
math and science teachers. 

The money goes to the Texas-based 
National Math and Science Initiative 
(NMSJ), formed in 2007 to draw science 
and math majors into teaching. Students in 
the UTeach program, which began in 1997, 
graduate with both a science degree and a 
teaching certificate. That combination is 
designed to give them the content knowledge 
needed to inspire students and the pedagogi- 
cal skills to be effective in the classroom. 

Fueled by a $125 million pledge from 
the ExxonMobil Foundation, NMSI has 
funded efforts at 34 universities that have 
agreed to replicate the UTeach model. Gain- 
ing support from HHMI, says NMSI Board 
of Directors Chair Tom Luce, “is a major 
achievement” for the initiative, which also 
promotes advanced placement courses in 
USS. high schools. 
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NMSI will use the money to hold a 
competition to add 10 research-intensive 
universities to its network, which to date has 
trained 1150 teachers. http://scim.ag/HHMltea 


Organ Recipient Contracts Rabies 


A man from Maryland died in late Febru- 
ary after being infected with rabies through 
a kidney transplant more than a year ago—a 
very unusual route of infection. The case was 
announced by the Maryland Department of 
Health and Mental Hygiene in Baltimore and 
the Centers for Disease Control and Preven- 
tion (CDC) in Atlanta on 15 March. 

The victim received a kidney from a 
donor in Florida whose illness had not been 
identified as rabies when he died in Septem- 
ber 2011. (Fewer than five human cases of 
rabies occur in the United States every year, 
and organ donors aren’t routinely screened 
for the virus.) CDC says three other patients 
received organs from the same donor; they 
are now followed by medical teams and are 
receiving antirabies antibodies and a vac- 
cine. In addition, close contacts of all four 
organ recipients are being traced because 
rabies can be transmitted through direct con- 
tact, although that is extremely rare. 


Encryption Whizzes Win 

Turing Award 
« Two computer scientists from the Massachu- 
setts Institute of Technology who pioneered 


advances in digital security have won the 
$250,000 Turing Award—sometimes called 


CSAIL/MI 


Goldwasser and Micali 


the Nobel Prize for computer science—from 


ONNE NATIONAL LABORATORY; INTEL; JASON DORFMAN 
+ 


9 the Association for Computing Machinery 
< (ACM). Shafi Goldwasser and Silvio Micali 
5 will share the prize for work that became 

8 the bedrock of modern cryptography, which 
© underlies various forms of security on the 

& Internet. Micali and Goldwasser—who also 
F holds a position at the Weizmann Institute 

5 of Science in Rehovot, Israel—developed 
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Obama Touts Energy Research Plan at Argonne 


President Barack Obama touted his proposed energy research funding plan, dubbed the 
Energy Security Trust, before a crowd of sequester-anxious, government-funded research- 
ers at the Department of Energy's Argonne National Laboratory on 15 March. The plan 
proposes to funnel $2 billion in revenues from the government's offshore oil leasing pro- 
gram into energy research and technology development over the next 10 years. 

The plan drew bipartisan interest in Congress, but it has also drawn a skeptical reac- 
tion from senior Republicans on the U.S. House of Representative’s Committee on Sci- 
ence, Space, and Technology. “The President's call today for $2 billion in new spending 
for green energy programs is not the answer to the nation’s energy challenges. And it 
adds billions more to the deficit,” said Representative Lamar Smith (R—-TX), the panel's 
chair, in a statement on 15 March. http://scim.ag/ObamaArgonne 


the concept that the basis for encrypting 
information had to be computational. Their 
work enabled others to come up with ways to 
secure communications and transactions on 
the World Wide Web. 

Micali and Goldwasser’s contributions 
have affected pretty much everybody using 
the Internet. “The encryption schemes run- 
ning in today’s browsers meet their notions 
of security,” ACM President Vint Cerf said 
in a statement announcing the prize. “The 
method of encrypting credit card numbers 
when shopping on the Internet also meets 
their test. We are indebted to these recipients 
for their innovative approaches to ensuring 
security in the digital age.” 


Intel Top Prize to Algae 
Biofuel Study 


To win Intel’s Science Talent Search, you 
don’t necessarily need a fancy lab; 17-year- 
old Sara Volz, of Colorado Springs, Colo- 
rado, simply turned the space under her loft 
bed into a lab bench. For her entry, Volz 
developed populations of algae cells that 
produce higher-than-normal levels of oil, 
which could potentially be used as a highly 
renewable and economically viable bio- 
fuel. Because growing and testing the algae 
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required a very specific regimen of expo- 
sure to light and darkness, Volz reworked her 
sleep schedule to sync up with her algae’s 
light cycle—and her homegrown approach 
nabbed the top prize of $100,000 at the 

15th annual competition. 
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Kallenbach, Volz, and Bowman 


The second place prize of $75,000 went to 
Jonah Kallenbach, 17, of Ambler, Pennsyl- 
vania, for his bioinformatics study that pre- 
dicted how proteins bind during drug therapy. 
And a third place prize of $50,000 went to 
Adam Bowman, 17, of Brentwood, Tennessee, 
for designing and building a compact, inex- 
pensive, low-energy pulsed plasma device 
that could make studies into plasma physics 
more feasible for researchers who lack the 
financial support of a premier lab. In total, 
about 1700 high school seniors applied to the 
contest, and 40 were selected as finalists. 
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Digital Archive Marks DNA‘s Diamond Celebration 


The discovery of DNA’s structure signaled a biological revolution in which 
genetics moved to the forefront of the field. Now, in time for the 60th 


anniversary of the groundbreaking publication of that structure, the 

Wellcome Library in London has put together a Web site that tells the story behind this revolution. 
“Codebreakers: Makers of Modern Genetics” makes available in digital form more than a million 

pages from letters, papers, personal notes, photographs, sketches, and essays related to James Watson 

and Francis Crick's 1953 Nature paper and the ensuing biological revolution during the 1950s and 


1960s, including the eugenics movement. 


Although Watson and Crick became household names, the Wellcome project drives home how 
others, including Rosalind Franklin and Maurice Wilkins (pictured), laid the groundwork for their 
discovery. Bringing together 20 smaller collections, the $5.88 million project plans has digitized 650 
related books and plans to add another 500,000 pages in the next few months. It includes letters 
that reveal the scientists “as humans rather than abstract figures,” says Simon Chaplin, head of the 
Wellcome Library. Read their stories at http://wellcomelibrary.org/using-the-library/subject-guides/ 


genetics/makers-of-modern-genetics. 


>>NEWSMAKERS 
Soil Scientist Wins Tyler Prize 


— The fate of nematodes 
in Antarctica may not 
seem compelling. But 
in her studies of these 
and other soil creatures, 
Diana Wall, of Colo- 
rado State University, 
Fort Collins, has found 
that climate change can 
fundamentally alter the ecology of soils, with 
a profound effect on how soil stores carbon. 
For her work, including 17 seasons study- 
ing the hardy nematodes of Antarctica’s Dry 
Valleys, Wall has earned the 2013 Tyler Prize 
for Environmental Achievement. The award, 
which has previously recognized primatolo- 
gist Jane Goodall and biologist Edward O. 
Wilson, comes with a $200,000 cash prize 
and a gold medal. 

Wall and her team of “worm herders” are 
still working in the Dry Valleys, studying 
how the nematode Scottnema lindsayae—the 
“Rocky Balboa of nematodes”—responds to 
wetter and warmer soil conditions. With so 
few species in this polar desert environment, 
she says, it’s possible to study interactions at 
a species level and how population distribu- 
tions alter with changing climate. 


Brain Prize Goes to Optogenetics 


Originally a cell biologist, neuroscientist 
Gero Miesenbock says that his route to win- 
ning the world’s largest brain research prize 
was “tortuous.” 


“Tt took me a while to find my niche,” 
he says. He appears to have found it: 
On Monday, 11 March, the Grete Lund- 
beck European Brain Research Foundation 
announced that Miesenbéck, along with five 
other researchers including Ernst Bamberg, 
Peter Hegemann, Georg Nagel, Ed Boyden, 
and Karl Deisseroth, will share €1 million 
for fundamental research into optogenetics, 
a technology that allows scientists to control 
the brain’s activity by genetically engineer- 

; | ing neurons to fire in 
response to light. 
(Science named opto- 
genetics an Insight of 
the Decade in 2010.) 

Since Miesenbéck 
first demonstrated the 
proof-of-concept in 
fruit flies in 2002, hun- 
dreds of labs have begun to use the technique 
to manipulate brain activity in experimental 
animals, exploring the neurobiology underly- 
ing behaviors like decision-making as well 
as diseases such as Alzheimer’s disease, epi- 
lepsy, schizophrenia, and addiction. 


Miesenbock 


FINDINGS 
Call a Higgs a Higgs 


The “Higgs-like particle” that physicists 
discovered last summer has the right char- 
acteristics to be a genuine Higgs boson. So 
say experimenters working with the Large 
Hadron Collider (LHC) at the European 
particle physics laboratory, CERN, near 
Geneva, Switzerland. 

A particle’s characteristics include its 


spin and parity, a symmetry property. Mea- 
surements now show that the new particle 
has zero spin and positive parity, exactly 
what physicists’ standard model of particles 
and forces predicts for the Higgs. “It sure 
does look like the standard model Higgs 
boson, you bet,” says Sally Dawson, a theo- 
rist at Brookhaven National Laboratory in 
Upton, New York. 

Physicists hope that the LHC will produce 
something beyond the standard model’s cast 
of particles. Some theories predict that other 
Higgs bosons lurk over the energy horizon. 
That’s why CERN officials now call the new 
particle “a Higgs boson” and not “the Higgs 
boson.” Searching for other Higgses will take 
time: The LHC has shut down for repairs and 
won’t take data again until 2015. 


Sobering Long-Term Results 
For Malaria Vaccine 


There is more cautionary news for the world’s 
only malaria vaccine that has reached phase 
III trials. The vaccine, called RTS,S, showed 
promising initial results, but recent data have 
injected caution, as the vaccine failed to pro- 
tect young babies as much as hoped (Science, 
16 November 2012, p. 871). 

Now, data from a 4-year follow-up study 
of 223 children in Kenya who received the 
vaccine as part of an earlier phase II trial 
show that the vaccine’s protection wanes 
over time, dropping to near zero after 
4 years. Still, because African children have 
malaria so often, 65 cases of malaria were 
prevented for every 100 children vaccinated. 
The results, published in the 21 March issue 
of The New England Journal of Medicine, 
suggest that decisions about using the poten- 
tially expensive vaccine will be complex, 
says Philip Bejon of the University of Oxford 
in the United Kingdom, who helped lead the 
study. http://scim.ag/malvacc 


LIVE 


Join us on Thursday, 28 March, at 3 p.m. EDT 
for a live chat on whether conservation strate- 
gies are working. http://scim.ag/science-live 
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When a retired National Football League 
(NFL) player with signs of progressive cog- 
nitive decline came to see neuropsycholo- 
gist Samuel Gandy at Mount Sinai School of 
Medicine in New York last year, it was clear 
from the athlete’s history of multiple concus- 
sions that his brain had taken a beating. Dur- 
ing the athlete’s 10-year career, Gandy says, 
“routinely, by halftime, he didn’t know what 
end of the field he was on.” 

Gandy and four other Mount Sinai brain 
specialists evaluated the former athlete, but 
they couldn’t agree on a diagnosis. Three 
thought he had Alzheimer’s disease, while 
the remaining two suspected chronic trau- 
matic encephalopathy (CTE)—a neurodegen- 
erative disease associated with concussions, 
also known as mild traumatic brain injury 
(mTBI). Ultimately, the medical team ruled 
out Alzheimer’s with a newly approved PET 
imaging technique that detects the disease’s 
characteristic clusters of amyloid protein in 
the brain. However, there’s no way to identify 
CTE in the brain of a living person. 

On 11 March, the NFL announced a major 
new research effort, the Head Health Initia- 
tive, aimed at changing that state of affairs. 
Along with General Electric, which devel- 
ops MRI machines, and the sports gear com- 
pany Under Armour, the league is investing 
$60 million in a 4-year program on mTBI, 
focusing on improving diagnostic accuracy 
with better imaging tools. The move came 
a few days after scientists and physicians 
studying such brain injuries gathered just 
outside Washington, D.C., to discuss their 
latest results and plot a research strategy for 
the future of the rapidly growing field. 

Underscoring the threat to the NFLs 
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future, the new initiative isn’t the league’s 
first gesture addressing the potential high 
mental cost that many of its players may face. 
Last year, in the wake of several suicides by 
football players diagnosed with CTE through 
autopsies, as well as a class action lawsuit 
filed by former athletes and their families, the 
NFL donated $30 million to the U.S. National 
Institutes of Health (NIH) for research into 
sports-related head injuries. Although NIH 
has yet to approve proposals for using that 
money, roughly $10 million will likely go 
toward CTE research and $2 million toward 
sports-related brain and spinal cord injury, 
says Walter Koroshetz, deputy director of the 
National Institute of Neurological Disorders 
and Stroke and one of the participants in the 
new initiative. 

Much of the damage that occurs when an 
NFL player gets violently hit can’t be seen 
on a traditional CT or MRI scan, Koroshetz 
says. As a result, clinicians are left with often- 
murky behavioral and cognitive symptoms to 
judge whether an athlete can safely play again. 
At the TBI workshop, Martha Shenton of Har- 
vard Medical School in Boston described a 
range of sophisticated new MRI techniques, 
such as diffusion tensor imaging, that can 
reveal the microscopic damage to axons and 
minute areas of bleeding, swelling, and brain 
lesions characteristic of mTBI. Shenton says 
her lab plans to apply for money from the 
new initiative—$20 million of which will be 
awarded competitively to researchers with 
ideas for new ways to diagnose concussions 
or mTBI and gauge their prognosis. “We’re 
chomping at the bit,” she says. 

Some of that money will also help 
researchers investigate how concussions lead 
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Game daze. NFL quarterback Robert Griffin III suffered 
a cut cheek and concussion after a hit to the head. 


to long-lasting brain damage and whether cer- 
tain people are more susceptible. In addition 
to changes in the brain’s white and gray mat- 
ter, mTBI and CTE are characterized by tan- 
gles ofa protein called tau that build up inside 
nerve cells. (Something similar happens in 
Alzheimer’s disease.) Because no method of 
imaging tau in vivo has been approved for 
clinical use, researchers and clinicians must 
wait until patients die to see if their brains 
have tau tangles. However, a new tau-binding 
compound developed by Siemens and visible 
in PET scans may soon enable tracking tau 
clusters in the living brain, Gandy says. 

The biggest infusion of new cash will go 
to a $40 million multicenter search for addi- 
tional imaging biomarkers for concussion and 
CTE. Not all researchers are thrilled with the 
emphasis. “I have concerns that the majority 
of money is going toward diagnosis and not 
enough toward treatment,” says Kim Heiden- 
reich, a pharmacologist at the University of 
Colorado, Denver. Heidenreich is study- 
ing a drug used for asthma that, in mice, can 
reduce the initial swelling of the brain after 
trauma, preventing a cascade of neurochemi- 
cal responses that can lead to cell death. So 
far, she hasn’t been able to get funding from 
NIH to advance her research to human trials. 

That’s a common story, explained 
Andrew Maas, director of neurosurgery at 
the University of Antwerp, at the TBI con- 
ference. Despite decades of studies funded 
by NIH, which estimates that it spends 
roughly $80 million per year overall on TBI 
research, no drug to treat or prevent damage 
from TBI has progressed past animal studies 
to clinical use. 

The U.S. Department of Defense has 
already devoted between $700 million and 
$800 million to TBI research, amid signs 
that soldiers harmed by explosives in Iraq 
and other countries also suffer CTE (Science, 
29 July 2011, p. 517). One thing is clear, 
says Col. Dallas Hack, a physician at the 
U.S. Army Medical Research and Materiel 
Command in Fort Detrick, Maryland, and 
one of those who will judge how to spend 
the newly pledged $60 million: It will take 
“many times” the amount of money and 
time in the Head Health Initiative to address 
the issue. “Understanding and molding the 
brain’s response to injury is the most complex 
scientific endeavor ever,” he says. “We need 
as many people as possible working on this 
problem.” —-EMILY UNDERWOOD 
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Austrian Academy of Sciences Faces Its Nazi History 


VIENNA—A fter the end of World War II, the 
Austrian Academy of Sciences officially 
suspended members who had joined the 
Nazi Party—but it quickly reinstated nearly 
every one. That was true even when the 
member was implicated enough to be kept 
out of the university, and even, in one case, 
when the person had been an officer in the 
notorious SS. 

This decision had lasting effects on the 
academy, according to an academy-sponsored 
poster exhibit and a hefty exhibit catalog 
released to coincide with the 75th anniversary 
of the “Anschluss,” the annexation of 
Austria to Germany in March 1938. 

One effect is that some of these 
members were given the chance 
to write the official history 
in their favor or to suppress 
it. Indeed, the exhibit is the 
academy’s first extended 
examination of its actions 
during the Nazi period, 
and many decried the long 
delay during an 11 March 
symposium that opened 
the exhibit. 

“It’s lamentably late,” 
said Gary B. Cohen, a 
historian at the Univer- 
sity of Minnesota, Twin 
Cities, who served as a 
moderator and panelist at 
the symposium. But, he 
added, “in some senses it’s 
never too late. The issues 


Meister’s claim. Among other projects, the 
academy funded racial research on prison- 
ers of war in Austrian camps. Scientists took 
measurements and photographs of people, 
including “North Africans,” “negroes,” and 
“Jews,” with the goal of gaining “insights 
into the racial composition of the peoples 
of western Europe,” according to historical 
documents. The academy also began pub- 
lishing its own series on racial theory and 
human genetics that intended to determine 
the extent to which the character of an eth- 
nic minority was biologically determined. 
(Only one volume in the series 
was published.) And the acad- 
emy’s Institute for Radium 

Research turned from basic 


was elected secretary general, and in 1967 
the academy awarded him the Bene Merito 
medal of honor of his service. “I can’t under- 
stand why they did this,” said the academy’s 
vice president, historian Arnold Suppan, 
who worked on the exhibit. 

The first official history that attempted 
an honest accounting didn’t come until 
1997, the academy’s 150th anniversary. His- 
torian Herbert Matis, who also contributed 
to the exhibit, wrote a 67-page booklet that 
was the “first step” in coming to terms with 
the past, Uhl said. 

Six years ago, with a grant from the City of 
Vienna, Uhl and Feichtinger began a follow- 
up to Matis’s research, focusing on the period 
immediately after the war. With the support of 
the academy, they decided 
to pull together all the 
research into “a compre- 
hensive overview” of the 
war and postwar period 
to coincide with the anni- 
versary of the Anschluss, 
Feichtinger said. The 
result is a 274-page exhibit 
catalog, which will also be 
released in English. 

The academy may have 
been particularly hos- 
tile to Jews and noncon- 
formists even before the 
Nazis arrived, said histo- 
rian Mitchell Ash of the 
University of Vienna at 
the symposium. After the 


need to be faced.” 

The first opportu- 
nity to tell the history of 
the war period came as 
early as 1947, the 100-year anniversary of 
the academy. “It was a kind of whitewash- 
ing,” said historian Heidemarie Uhl of the 
Austrian Academy of Sciences. During the 
war, the Nazis had chosen historian Richard 
Meister—an academy member, but not a 
Nazi Party member—to write an anniver- 
sary history, which he finished after the war 
ended. In it, he declared that “the work of 
the academy was not infected by the Nazi 
period,’ Uhl said. That assertion was in line 
with a growing cultural consensus, which 
still persists in some sectors of Austrian 
society, that Austria was a victim of Nazi 
Germany instead of a collaborator. 

Research by historian Johannes 
Feichtinger, also of the academy, contradicts 


Swastika armbands and seal. At the time of this 1939 meeting of the Austrian Academy of 
Sciences, leaders were in the process of forcing out Jewish members and political objectors. 


to applied research, as the Nazis were eager 
for nuclear power. 

Later, in the 1950s, botanist Fritz Knoll 
edited two academy-sponsored volumes about 
famous Austrian scientists, doctors, and engi- 
neers. During the war, as the Nazi Party repre- 
sentative to the academy, he had overseen the 
dismissal of Jews from the academy’s insti- 
tutes. In the volumes, he omitted researchers 
whose distinguished careers he had ended. 
One of them, zoologist Hans Przibram, died 
in the Theresienstadt concentration camp. 

Research by Klaus Taschwer, a newspa- 
per science editor who contributed to the 
exhibit, reveals that Knoll had an extensive 
career as a Nazi. But the academy ignored 
his Nazi activities after the war. In 1959 he 


Anschluss, only 9% of 
the regular members were 
forced out on “racial” or 
political grounds, while 
nearly half of the university’s faculty mem- 
bers were dismissed. That means membership 
was “not entirely based on meritocratic, but 
also on folkish and anti-Semitic criteria,’ even 
before the Nazi ideology took over, Ash said. 

Symposium participants expressed 
hopes that the academy would continue to 
publicly address the history. An exhibit 
about one of the academy’s Jewish-run insti- 
tutes is planned for next year. Knoll may be 
stripped posthumously of the Bene Merito 
medal, and one symposium speaker made a 
well-received suggestion that the academy 
reinstate a medal named after Jewish phar- 
macologist Hans Horst Meyer, which was 
discontinued by the Nazis. 
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Drug Watchdog Ponders How to Open 
Clinical Trial Data Vault 


BRUSSELS—In the summer of 2007, Peter 
Getzsche, director of the Nordic Cochrane 
Centre in Copenhagen, sent the European 
Medicines Agency (EMA) a simple request: 
He wanted the London-based watchdog 
to give him detailed information about 
15 placebo-controlled trials of two antiobe- 
sity drugs in its possession. Weight-loss 
drugs are controversial because of their side 
effects, and several had been pulled from the 
market; Getzsche wanted to see for himself 
what exactly the trials for the two EMA- 
approved drugs had shown. 

Few could have predicted that Gotzsche’s 
demand would set in motion a process that 
will have far-reaching consequences for 
drug companies, researchers, and patients 
in Europe. EMA initially turned down the 
request, arguing that making the data pub- 
lic could hurt the commercial interests of the 
manufacturers—a decision that Getzsche 
appealed to the European Ombudsman. 
He obtained a resounding victory in 2010, 
when the ombudsman accused EMA of 
“maladministration” and urged it to release 
the studies. Gotzsche finally received the 
reports in early 2011, and EMA pledged to 
become more transparent. 
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Now, the agency is making good on that 
promise in an unprecedented way. By Janu- 
ary 2014, it plans to introduce a broad new 
policy of public access to clinical trial data 
that may include access to clinical study 
reports (CSRs), company-written docu- 
ments often numbering thousands of pages 
with detailed information about study 
design, efficacy and safety analysis, as well 
as patient data listings. 

Such sweeping glasnost doesn’t appeal to 
the pharmaceutical industry, which is con- 
cerned that disclosing CSRs could open sen- 
sitive data to potential competitors. It also 
says that nonexperts sifting through moun- 
tains of data could cause health scares. Oth- 
ers, meanwhile, worry that without stringent 
safeguards, sensitive data about individual 
patients could end up in the wrong hands. 
EMA is discussing how to shape the new 
policy with academics, patient organiza- 
tions, and drug companies; their final advice 
is due by the end of next month. 

The debate is watched with great inter- 
est elsewhere in the world. Kay Dickersin, 
director of the Center for Clinical Trials 
at the Johns Hopkins Bloomberg School 
of Public Health in Baltimore, Maryland, 
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Change of heart. EMA, headquartered 
in London, embarked on a radically new 
transparency policy after a reprimand 
from the European Ombudsman. 


hopes that the Food and Drug 
Administration (FDA), EMA’s 
US. counterpart, will follow the 
European example. “We should 
focus on getting the EMA [rules] 
right first. But I’m also excited 
by the possibility to move fur- 
ther,” she says. 

Proponents of full access to 
clinical trial data say that inde- 
pendent researchers must be 
able to examine the risks and 
benefits of medicines and bal- 
ance the industry’s power to 
assess its own products in clini- 
cal studies. They find support in 
the Declaration of Helsinki, a 
set of ethical principles for clini- 
cal trials last revised in 2008, 
which states that “[a]Juthors have 
a duty to make publicly available 
the results of their research on 
human subjects and are account- 
able for the completeness and 
accuracy of their reports.” 

The reality is different. Com- 
panies must share their data 
with regulatory agencies such 
as EMA or FDA, but they aren’t obliged to 
publish them in a journal—and some nega- 
tive trials never see the light of day. (More- 
over, there can be discrepancies between 
CSRs and published papers, say researchers 
from the Cochrane Collaboration, an inter- 
national group of scientists carrying out 
medical reviews in a bid to provide unbi- 
ased, evidence-based clinical advice.) 

In the United States, clinical trials must 
be registered on a federally funded Web site 
called ClinicalTrials.gov, and basic results 
must be posted within a year after comple- 
tion. But this doesn’t include full CSRs or 
patient-level data, and compliance has been 
low so far. Researchers seeking a grant of 
more than $500,000 in a year from the U.S. 
National Institutes of Health are expected 
to share clinical data. “But there’s no single 
place [to do so], no single format, no over- 
sight, so it’s a hit or miss,” Dickersin says. 

There is increasing pressure to change 
that, especially in Europe. In recent years, 
academics, nongovernmental organiza- 
tions, and members of the European Parlia- 
ment have slammed EMA, set up in 1995 
to harmonize drug approval systems in the 
European Union, for lacking transparency. 
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An international campaign called the All- 
Trials initiative is urging regulators and 
research organizations to publish full CSRs 
from all trials—past, present, and future— 
on all medical treatments now in use. 
Release of trial data has also become one 
of the most controversial issues in ongoing 
debates over the European Union’s unloved 
2001 clinical trials legislation (Science, 
1 March, p. 1024). 

After its slap on the wrist by the ombuds- 
man, EMA stopped treating clinical trials 
data as secret by default. Between Novem- 
ber 2010 and 2012, the agency 
released about 1.6 million pages 
of clinical data in response to 
requests. (Among the first to ben- 
efit was a Cochrane research group 
engaged in a high-profile battle to 
obtain clinical data on oseltamivir, 
a drug stockpiled by many coun- 
tries to fight flu pandemics.) But 
this “reactive” approach is time- 
consuming both for requesters 
and for EMA, says Hans-Georg 
Eichler, senior medical officer at 
EMA; now, the agency will make it 
more systematic. 

A few drug companies have 
climbed on the openness band- 
wagon. U.K. drug firm Glaxo- 
SmithKline has signed the All- 
Trials petition and promised to 
share its trial data, a decision that 
pro-access campaigners hail as his- 
toric. But many other companies 
are less enthusiastic. In January, 
for instance, U.S. drug company 
AbbVie sued EMA for divulg- 
ing data on its rheumatoid arthritis 
medicine Humira to competitors, 
including Belgian firm UCB. 

“The industry is absolutely 
open to releasing a lot more infor- 
mation,” says Richard Bergstrém, 
director-general of the European 
Federation of Pharmaceutical Industries 
and Associations (EFPIA) here. But its 
concerns about confidentiality are legiti- 
mate, Bergstrém says: Out of 457 requests 
for data EMA received between November 
2010 and 2012, only 38 came from academ- 
ics, whereas a majority came from drug 
companies, lawyers, and consultants. 

Protecting sensitive patient information 
is another hotly debated issue. For exam- 
ple, patients taking part in a trial would not 
want their neighbors to find out if they suf- 
fered from depression or how much alcohol 
they drink, says Mike Clarke, director of 
the All-Ireland Hub for Trials Methodology 


Research at Queen’s University Belfast in 
the United Kingdom. 

The crux of these debates is how much 
transparency is enough. At the most open 
end of the spectrum, all trial data could be 
downloaded from the Internet by anyone. 
That option appeals to Ilaria Passarani, a 
senior health policy officer at the European 
Consumers’ Organisation here. Broad dis- 
closure would allow the public to regain 
trust in regulators after recent European 
drug scandals, she says. Data would be ano- 
nymized so that it’s difficult to trace back to 
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Opening up. Advocates say data for all clinical trials—such as this 
test of a drug against lung disease in healthy volunteers—should be 
publicly available. 


individuals. Passarani concedes that there is 
a “remote” possibility that patients suffer- 
ing from rare diseases might be identified, 
but her agency, usually hawkish on privacy, 
believes that the potential public health ben- 
efits outweigh any risk. 

At the other end of the spectrum, data 
would be made available only to bona fide 
researchers—an option preferred by many in 
the pharmaceutical industry, which consid- 
ers itself the data’s owner. EFPIA’s Bergstr6m 
suggests that researchers who want access 
should explain their objective and sign a con- 
fidentiality agreement stating that they won’t 
use the information for commercial purposes. 


A dual system somewhere between 
these two options is probably the best idea, 
Clarke suggests. For instance, some data 
stripped of any identifying information 
could be posted on the Internet for all to 
see, while richer data sets would be made 
available to only legitimate researchers 
who provide a reasonable scientific plan— 
even if they are competitors of the drug- 
maker. As a researcher, “I want as much 
information as possible. For instance, if 
it’s a young child, I may need his or her 
age in days,” Clarke says. Such detailed 
information, which could violate 
patient privacy, is less relevant to a 
broader audience. 

There are other dilemmas as 
well. Scientist-only access would 
require a gatekeeper. Observers 
point out that EMA may not be suf- 
ficiently independent to judge the 
legitimacy of data requests, as a 
reanalysis may contradict its offi- 
cial assessment of a drug’s risks and 
benefits. “There should be a mix of 
academics, nonacademics, and reg- 
ulators [assessing data requests], 
and all decisions should be transpar- 
ent, publicly logged, and account- 
able,” Clarke says. 

Dickersin proposes a differ- 
ent option, in which clinical data 
could be checked out of a reposi- 
tory, with users providing their 
name and a short abstract about 
what they want to do with the data. 
“You need money for the reposi- 
tory to be indexed and curated, but 
no one should claim ownership” 
of the data, Dickersin says. Clin- 
icalTrials.gov provides a model 
of good curation, Dickersin says, 
with a template that makes submit- 
ting useful data easy for compa- 
nies and scientists. 

Whichever option EMA settles 
on, the rest of the world will be watching. An 
FDA spokesperson tells Science in an e-mail 
that the agency is “following with interest” 
the changes in Europe, but remains cau- 
tious when asked if it may emulate EMA’s 
move. “We operate under different legal 
requirements than the EMA and will con- 
tinue to provide data as legally permitted,” 
the spokesperson writes. 

“T’m hopeful that we will have something 
[in Europe] that the world will want to copy,” 
Clarke says. “Good trials are so valuable, 
and we’re not using their full value.” 

-TANIA RABESANDRATANA 
Tania Rabesandratana is a writer in Brussels. 
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CONSERVATION BIOLOGY 


A Rescue Mission for Amphibians 
At the Brink of Extinction 


GAMBOA, PANAMA—Brian Gratwicke 
reaches into a terrarium with a gloved hand 
and gently nudges a tiny froglet onto a US. 
quarter. Smaller than George Washington’s 
head, the 5-day-old Limosa harlequin frog, its 
slick skin sporting green and black chevrons, 
squats calmly as Gratwicke snaps photos. The 
little tyke is a celebrity. When Gratwicke, a 
conservation biolo- 
gist at the Smithsonian 
Conservation Biology 
Institute in Washing- 
ton, D.C., and his team 
first captured a few of 
the endangered toads 
in 2009, he says: “We 
couldn’t keep them alive 
for even 2 days.” The 
toads had been taken in 
jungle in central Pan- 
ama thought to be free 
of chytrid fungus, which 
has been mowing down 
amphibians worldwide. 
But the captives had 
been infected in the wild 
and succumbed in Gam- 
boa. The team found 
healthy individuals 
on subsequent forays. 
“We came this close to losing the species,” 
Gratwicke says, holding his thumb and index 
finger a hair’s width apart. 

Whether the story has a happy ending 
will depend largely on a facility set to open 
next month in this town established a cen- 
tury ago to house Panama Canal workers. 
The Smithsonian is at work on an amphibian 
research laboratory: seven refrigerated ship- 
ping containers, donated by Maersk Line, 
filled with glass terrariums, reptile UV lights, 
and souped-up environmental controls. The 
“rescue pods” will offer a sanctuary for colo- 
nies of embattled species now kept at nearby 
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Froggy chow. Brian Gratwicke cradles zoo- 
reared crickets—food for hungry amphibians. 


Summit Botanical Gardens and at El Valle 
Amphibian Conservation Center. 

Only a tiny fraction of the planet’s approx- 
imately 7100 amphibian species would be 
candidates for such life support, notes David 
Wake, a biologist at University of California, 
Berkeley. “There is a feeling of helplessness in 
the community of amphibian biologists as we 
witness declines in one 
species after another,” 
says Wake, who spent a 
sabbatical here 15 years 
ago. “At least these good 
people are trying to 
do something!” 

As candidates line up 
for the amphibian ark, 
scientists have taken a 
step toward bringing 
one frog species back 
from extinction. Last 
week, at a TEDx sym- 
posium in Washington, 
D.C., sponsored by The 
Long Now Foundation, 
paleontologist Michael 
Archer of the Uni- 
versity of New South 
Wales in Sydney, Aus- 
tralia, revealed that his 
team has produced embryos from lab tis- 
sue of gastric brooding frogs—two species 
that went extinct in the 1980s. Discovered 
in Queensland, Australia, in 1972, the frogs 
were the only known creature able to trans- 
form one organ into another. After laying 
eggs, the females converted their stomach 
into a womb, swallowed the eggs, brooded 
tadpoles, and gave birth to froglets through 
the mouth. “When biologists saw this, they 
were agog,” Archer says. Then, “just as 
everybody got excited, bang! It was extinct.” 
Another gastric brooder species winked out 
in 1985 soon after discovery. 
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Amphibian ark. The Smithsonian is readying rescue 
pods for endangered amphibians in Panama, such as 
this Limosa harlequin frog (inset). 


Archer has an abiding interest in species 
resurrection. In the late 1990s, he set out to 
revive the thylacine, an extinct hyenalike mar- 
supial. While that effort has sputtered, his 
“Lazarus Project,’ launched 5 years ago to 
raise gastric brooders, is making headway. 
Archer’s team recovered cell nuclei from frog 
tissue frozen in the 1970s and used somatic 
cell nuclear transfer to insert nuclei into 
eggs from the great barred frog. After “hun- 
dreds and hundreds” of failures—“It was 
much more difficult than we thought,” Archer 
says—in 2011 they produced blastocysts with 
gastric brooder DNA, then last month hardier 
blastocysts that survived a few days. “We’re 
trying to learn what is stopping development 
of blastocysts.” 

Gratwicke and his colleagues hope that 
staving off extinctions will make such hero- 
ics unnecessary. Chytrid has hammered about 
a quarter of Panama’s 200 amphibian species. 
Most frogs at Summit come from Darién, the 
province nearest Colombia and the last neo- 
tropical bulwark against chytrid before the 
fungus’s arrival there 3 years ago. Scientists 
have been dashing into Darién to rescue frogs 
from disease-free pockets and moving them 
to shelters, though lately another scourge— 
FARC rebels and drug traffickers—has made 
fieldwork perilous. 

Here in Gamboa, containers are being fit- 
ted with air conditioners, water systems, and 
a backup generator. “We don’t want to see 
the last of a species cooked in a metal box,” 
Gratwicke says. The project’s next phase 
includes a lab building for devising vaccines 
or probiotic treatments against chytrid and 
tinkering with breeding techniques for spe- 
cies like the La Loma tree frog that fare poorly 
in captivity. Visiting researchers are welcome. 
“This is a glimpse of the evolving role of 
ZOOS,’ says Smithsonian National Zoo Direc- 
tor Dennis Kelly, who visited the facility ear- 
lier this month. Smithsonian is working with 
Cheyenne Mountain Zoo, Houston Zoo, and 
Zoo New England on the project. 

The hope is that the Gamboa ark will be a 
temporary limbo. First in line for a science- 
assisted comeback is the Panamanian golden 
frog. Locals believe that it brings good fortune 
to those who see it. That would be a miracle 
in the wild, where the toad was last spotted 
in 2008. But it’s multiplying in captivity, and 
scientists are contemplating a reintroduction 
plan. Success may depend on a daunting pre- 
requisite: bringing chytrid to heel. 

—RICHARD STONE 
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CLIMATE POLICY 


Prepared? The White House science 
council says the nation needs to do 
more to prepare for disasters, such as 
last year's drought and Superstorm 
Sandy (left), that<could- come ina 
warmer world: 


A More Modest Climate Agenda for Obama's Second Term? 


When it comes to tackling climate change, 
President Barack Obama once had grand 
ambitions, including forging a global deal 
on reducing greenhouse gas emissions and 
persuading Congress to enact legislation that 
would impose fees on U.S. carbon pollution. 
With those hopes dashed by political reali- 
ties, however, the president’s science advis- 
ers last week proposed some potentially 
more doable climate actions that Obama 
could take during his second term. But some 
climate scientists say that the proposals, 
while laudable, fall short of what’s needed. 

The 10-page report approved on 
15 March by the President’s Council of Advi- 
sors on Science and Technology (PCAST) 
outlines a range of steps that Obama could 
take, most without requiring new legisla- 
tion, to address the causes and consequences 
of global warming. To curb U.S. emissions, 
for instance, PCAST says Obama should 
extend recently developed regulations that 
cover emissions from new power plants that 
burn fossil fuels to the much larger num- 
ber of existing plants. It also suggests that 
the administration consider negotiating a 
regional pact on greenhouse gas emissions 
with the country’s North American neigh- 
bors, Canada and Mexico. And it urges 
Obama to appoint a new national commis- 
sion on “climate preparedness” that would 
recommend ways to improve the govern- 
ment’s planning for droughts, floods, and 
other natural disasters that could be spurred 
by climate change. 

The president has read a draft of the 
report, says PCAST member Daniel Schrag, 
a geochemist and an energy specialist at 
Harvard University, and “was broadly sup- 
portive, mostly, of what we were doing.” 

Conspicuously absent from PCAST’s list, 
however, are the big climate agenda items 
from Obama’s first term, including setting a 
price on carbon and negotiating a global pact. 
In large part, the omissions reflect PCAST’s 
interest in focusing on things that Obama 


“could push for and achieve,” Schrag says. “A 
price on carbon would be great, but we don’t 
expect it to happen politically” because of 
opposition in Congress. 

That approach isn’t sitting well with some 
researchers. “It is not PCAST’s job to do 
Obama’s political strategizing for him,” says 
climate modeler Raymond Pierrehumbert 
of the University of Chicago in Illinois. “I 
believe that PCAST should have emphasized 
the importance of implementing a price on 
carbon.” It is “one thing to be realistic about 
what legislation you can pass this year,” adds 
geochemist Ken Caldeira of the Carnegie 
Institution for Science in Stanford, California. 
“Tt is another thing entirely not to be realistic 
about the scale of energy transition our nation 
must undertake if we are to make a substantial 
dent in climate risk.” 

Other critics note that the report is silent on 
whether the White House should approve the 
controversial Keystone XL oil pipeline from 
Canada, which opponents say would pro- 
mote unwise energy development. Eighteen 
scientists, led by NASA climatologist James 
Hansen, urged the president earlier this year 
to stop the project, saying it runs counter to 
“national and planetary interests.” 

Instead of wading into such “largely politi- 
cal” issues, PCAST emphasized a topic that 
often gets short shrift in policy discussions, 
Schrag says: the need “to prepare the coun- 
try for the impacts of climate change.” The 
proposed preparedness commission, he says, 
could help lay the ground work for chang- 
ing “federal policies on disaster relief and 
insurance ... [so] that financial capital, when 
invested following a disaster, is used not just 
to rebuild, but to rebuild better”’ Homes could 
be moved out of coastal areas that are likely to 
be flooded again by rising seas, for example, 
and farming areas could be better prepared for 
droughts. The United States has “too many 
programs that essentially provide economic 
incentives for people to live in harm’s way,” 
Schrag told PCAST at a briefing. 


Efforts to adapt to climate change “will 
ultimately be overwhelmed,” however, unless 
the government moves to curb, or mitigate, 
carbon emissions, PCAST notes. That’s why 
the report also encourages Obama to sup- 
port more drilling for natural gas, which 
produces fewer carbon emissions than oil or 
coal. And it urges the expansion of tax cred- 
its for developing renewable energy sources, 
such as wind and solar power. 

Although the administration can take 
action independently on some of PCAST’s 
ideas—such as regulating power plants or sup- 
porting expanded drilling—it will need coop- 
eration from a sometimes hostile Congress 
for others, such as retooling the tax code. But 
energy expert Robert Socolow of Princeton 
University says PCAST’s emphasis on “adap- 
tation first and mitigation second” could help 
reframe public discussion about such policies. 
There is a large “overlap of climate threats and 
threats we already deal with,” such as floods 
and droughts, he notes. Linking the two could 
“reduce resistance” to discussing climate pol- 
icy, Socolow says, and reopen a “completely 
muffled” national conversation. 

Obama could also leverage action at the 
state level during his second term, adds for- 
mer Obama adviser Joseph Aldy, now at 
Harvard University. This year, the nation’s 
first comprehensive emissions trading sys- 
tem began operating in California, while an 
existing nine-state pact in the Northeast, the 
Regional Greenhouse Gas Initiative, is mull- 
ing stricter limits for existing plants. If fed- 
eral officials could link such systems piece 
by piece, Aldy says, it could open the door to 
the broader type of emissions trading system 
that Obama was unable to get through Con- 
gress during his first term. And that step, he 
says, could help Obama meet his first-term 
goal of cutting U.S. carbon emissions by 
17% from 2005 levels by 2020—an aspira- 
tion rarely mentioned these days by the pres- 
ident or his advisers. 

—ELI KINTISCH 
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Life Could Have Thrived on Mars, but 
Did It? Curiosity Still Has No Clue 


With its first sample of martian rock, the Curi- 
osity rover has achieved the primary objec- 
tive of its $2.5 billion mission. For the first 
time, Mars scientists have shown that, at least 
in one place and time on ancient Mars, life as 
we know it could have survived. Curiosity has 
shown that all the essential ingredients were 
there for a habitable environment: prolonged 
benign wetness, the essential building blocks 
of life, and an energy source. 

As to ancient martian life itself—the focus 
of public interest since Curiosity’s harrow- 
ing landing last August—the news has been 
another letdown. Curiosity’s first drill sample 
produced a trace of organic compounds, but 
the whole issue of organic remains linger- 
ing from ancient martian life has been mud- 
dled by contamination inside Curiosity from 
organics intentionally brought from Earth. 
And team members announced this week that 
atmospheric methane—which any present- 
day life could be producing—has still not 
made a certain appearance. 

Confirmation of a habitable environ- 
ment came as a pleasant surprise to Curi- 
osity scientists. They had sent the rover a 
few hundred meters from its landing site on 
the floor of Gale crater to investigate a geo- 
logically intriguing intersection of three dif- 
ferent-looking terrains mapped from orbit. 
There had been no sign of lake sediments— 
an ideal target for Curiosity—or of the clay 
and sulfur minerals that signify minerals’ 
interaction with water. Mainly, Curiosity’s 
first destination was an opportunity to test 
out its armamentarium of analytical instru- 
ments on the first rock sample drilled out of 
the martian subsurface. 

But at the drill site, Curiosity found every- 
thing life would have needed. Visual inspec- 
tion showed fine-grained sediments that 
could well have been the bottom mud of a 
crater lake several billion years ago. The 
rover’s chemistry and mineralogy (CheMin) 
x-ray instrument showed that the drilled rock 
is 20% to 30% clay, team members reported 
at a NASA press conference last week. That 
means rock was not just briefly wet but wet 
for many millennia if not millions of years. 

And the water that turned rock to clay 
would have been friendly to life. CheMin and 
the Sample Analysis at Mars (SAM) instru- 
ment package found no mineralogical or 
chemical signs of ancient environmental con- 
ditions inimical to life like those the Oppor- 
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tunity rover has encountered at Meridiani 
Planum. There, highly acidic brines had long 
ago rotted the rock. 

SAM did find the essential ingredients in 
the recipe for life, including the elements car- 
bon, hydrogen, oxygen, phosphorus, nitrogen, 
and sulfur. And just as importantly, those and 
other elements were combined in compounds 
that have a range of oxidation states. Living 
organisms can tap less oxidized compounds 
for energy rather than using sunlight for photo- 
synthesis or eating organic matter. They just 
eat the tastiest bits of rock. “We have found 
a habitable environment so benign that if you 
were on the planet when water was around, 
you would have been able to 
drink it,” said Curiosity proj- 
ect scientist John Grotzinger 
of the California Institute of 
Technology in Pasadena. 


The drill analyses did disappoint in one 
respect: The search for traces of early life 
is as muddled as ever. Earlier SAM analy- 
ses of wind-blown martian dust in which 
a sample is progressively heated had pro- 
duced chlorine-containing, single-carbon 
organic compounds like those produced in 
Viking lander experiments in the 1970s. 
Viking team members attributed those sim- 
ple organics to contamination and still do. 
Now, Curiosity team members are saying 
that their dust-derived organics likely came 
from contamination as well. 

At the Lunar and Planetary Science Con- 
ference (LPSC) this week at The Woodlands, 
Texas, Daniel Glavin of NASA’s Goddard 
Space Flight Center (GSFC) in Greenbelt, 
Maryland, reported that an organic chemical 
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carried in SAM for a different kind of analy- 
sis for organics seems to have leaked into the 
sample cells of the heating analysis. The errant 
reagent’s combustion and reaction with mar- 
tian chlorine can explain the presence of all 
the chlorinated organic compounds produced 
by heating martian dust, he reported. So the 
drill sample was flushed with helium before 
heating to try to remove the contaminant, and 
in fact fewer types of the simple organics were 
produced and those in lesser amounts, SAM 
Principal Investigator Paul Mahaffy of GSFC 
said at last week’s press conference. But more 
samples must be run to check the nature of the 
carbon before heating, he said. 

The news on methane in the atmosphere 
of Mars was also a letdown. In a talk at 
LPSC, Christopher Webster of NASA’s Jet 
Propulsion Laboratory in Pasadena—the 
lead scientist on the SAM instrument that 
measures atmospheric methane—reported 


a somewhat lower upper limit based on a 
refinement of three measurements made by 
the end of last November. His best upper 
limit has dropped from 5 parts per billion 
by volume to 2.7 parts per billion. He is still 
reporting a measured value in the plus range— 
0.4 parts per billion, but given the uncer- 
tainties, ““We have no definitive detection of 
methane,” according to his abstract. 

“We still have a lot to do,” he said. The 
first high-sensitivity analysis that will be 
10 to 50 times as sensitive as early runs 
has been delayed by the running of the drill 
sample analyses in the rest of SAM. But 
within a month or two, methane analyses 
should be pushed well down into the parts 
per trillion range. 

—-RICHARD A. KERR 
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This year is shaping up to be decisive for “cellulosic” ethanol made 
from corn stalks and other agricultural waste, as oil companies and the 
ethanol industry clash over government mandates for the automotive fuel 


DRIVE EAST FROM PORTLAND, OREGON, ON 
Interstate 84 past the 189-meter-tall Mult- 
nomah Falls waterfall, past the scores of Day- 
Glo-—garbed windsurfers slicing through the 
whitecaps on the Columbia River at the town 
Hood River, and into the brown high-plains 
desert, and eventually you see what looks like 
a green postage stamp in the distance. As you 
draw near you realize its true size. It’s an irri- 
gated oasis of more than 10,000 hectares of 
poplar trees aligned in tidy rows. According 
to James Imbler, these trees are one of the 
keys to a revolution in transportation fuel 
that’s now on the cusp of becoming reality. 
The poplars are committed to be the feed- 
stock for ZeaChem, the chemical company 
that Imbler heads, which plans to mow them 
down, chop them to bits, and convert the sug- 
ars in their tissues to ethanol to be blended 
with gasoline and pumped into your tank. 
ZeaChem officials say that their chemical 
plant is in the final stages of development and 
will begin commercial production later this 
year, eventually producing some 94.6 million 
liters a year of ethanol. 

ZeaChem isn’t alone in ramping up pro- 
duction of cellulosic ethanol, which is made 
from nonedible plant biomass. In Decem- 


ber 2012, a company called Beta Renew- 
ables commissioned a plant near Turin, Italy, 
that will convert rice straw and other agri- 
cultural materials into 75.7 million liters a 
year of ethanol. In June 2012, INEOS Bio 
finished building a plant in Vero Beach, 
Florida, that will convert landfill waste and 
yard waste into 30.3 million liters of etha- 
nol a year. And a 37.9-million-liter-a-year 
plant opened in Shandong, China, last year 
as well. Articles in The New York Times and 
elsewhere have hailed these developments as 
the long-awaited commercialization of cellu- 
losic ethanol. Company executives 
agree. “The technology is ready 
to deliver,’ says Guido Ghisolfi, 
CEO of Beta Renewables in Italy. 
Perhaps. Critics of cellulosic 
ethanol say that they’ve heard 
it all before. The U.S. govern- 
ment ordered refineries to blend 
75.7 million liters of cellulosic ethanol into 
gasoline between 2010 and 2012, citing 
annual estimates that repeatedly concluded 
that the fuel would be available. But cel- 
lulosic ethanol producers failed to deliver. 
Oil companies have responded by derid- 
ing cellulosic ethanol as a “phantom fuel.” 
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Now, they’re calling for such mandates to 
be scrapped and are enlisting their friends in 
Congress to make it happen. 

Ethanol producers of all stripes are gird- 
ing for a fight. “It’s a battle for the barrel,” 
says Robert Dinneen, the president and CEO 
of the Renewable Fuels Association (RFA) 
in Washington, D.C., an industry associa- 
tion of ethanol producers. “It will be an epic 
fight,” he predicts, pitting the world’s largest 
oil and car companies against giant agricul- 
tural firms and Midwest farmers. The win- 
ner will likely determine not only the kind 
of car you drive in the future, but also per- 
haps the future of global fuel production. 
This conflict is creating a pressure-cooker 
environment for cellulosic ethanol produc- 
ers. They need to deliver millions of liters 
of their fuel this year to take 
some of the political heat off the 
industry. “It’s crunch time for 
cellulosic ethanol,” says Brooke 
Coleman, executive director of 
the Advanced Ethanol Council 
in Washington, D.C. 

Ironically, things might be 
even worse for cellulosic ethanol—-makers if 
they succeed. This year’s mandates call for 
53 million liters of cellulosic ethanol to be 
blended into gasoline. If producers go beyond 
such mandates over the next few years and 
flood the market with their fuel, there may 
be nowhere for it to go, as refiners aren’t 
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Future fuel. Poplar trees near Boardman, Oregon, 
are slated to be the feedstock for ZeaChem’s cellu- 
losic ethanol plant. 


required to blend any excess ethanol into 
their gasoline. Add to this the insecurity over 
how the ongoing budget battles in Congress 
will affect U.S. national energy policy and tax 
breaks that the ethanol industry enjoys, and 
2013 is shaping up to be the make-or-break 
year for cellulosic ethanol. At the National 
Ethanol Conference (NEC) held in Febru- 
ary in Las Vegas, Nevada, U.S. Agriculture 
Department Secretary Tom Vilsack warned 
his audience that the road ahead looks rough. 
“Tt’s a very dicey time,” Vilsack said. 


Higher standards 
The ethanol industry seems as though it’s 
been around forever. And in a way, it has. The 
fermentation of ethanol, more commonly 
known as alcohol, is one of humanity’s oldest 
known technologies. Analysis of 9000-year- 
old clay jars recovered in China reveals that 
Neolithic people consumed alcohol. The use 
of the energy-rich molecule as a fuel dates 
back to the dawn of the automobile age: In 
1908, the Ford Motor Company’s Model T 
could be powered by ethanol. But eventually 
carmakers settled on a mixture of organic 
compounds even richer in energy that could 
be refined from oil pumped right out of the 
ground. Gasoline took over in America and 
has been king ever since. 

In 2005, Congress set out to change this 
picture. It passed the Renewable Fuel Stan- 
dard (RFS) and updated it in 2007 with 
RFS2. The law guaranteed a market for 
renewable fuels by requiring blenders to 
incorporate increasing amounts of ethanol 
and other renewable fuels into gasoline, up 
to 136.3 billion liters in 2022 
(see figure, above). By doing 
so, Congress hoped to reduce 
the country’s rising dependence 
on imported oil, bolster rural 
economies that would produce 
the corn and other biomass that 
would serve as the fuel feed- 
stock, and lower the amount of 
greenhouse gases pumped into 
the atmosphere each year. 

Oil companies initially wel- 
comed the move. The 1990 
amendments to the U.S. Clean 
Air Act already required them 
to add high-octane fuel addi- 
tives to help engines burn more 
cleanly. And in 2004, the indus- 
try began losing the use of its 
primary additive, MTBE, after 
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wide trend by ban- 
ning MTBE after it 
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Biomass-based diesel 


was shown to be poi- 
soning ground water. 
Refiners turned to 
ethanol instead. 

RFS envisioned 
that, initially, the 
primary source of 
renewable fuel would 
come from ethanol 
fermented from the 
sugars in corn, a rel- 
atively mature tech- 
nology. But growing 
corn requires rela- 
tively large amounts 
of water, fertilizer, 
and land. So Congress sought to cap corn’s 
use. The amount of corn ethanol used was 
slated to rise from 30.3 billion liters in 2009 
to a maximum of 56.8 billion liters a year 
by 2015. Last year, blenders added 50 bil- 
lion liters of ethanol derived from corn and 
sugar. That meant that by 2022, the remaining 
79.5 billion liters of growth in renewable fuel 
use had to come from “‘advanced” biofuels, 
primarily cellulosic ethanol, with relatively 
small amounts of biodiesel and biofuels 
derived from algae, among other sources. 
This surge in cellulosic ethanol production 
was originally planned to begin in 2010 with 
the first 378.5 million liters of the fuel, with 
year-by-year increases up to 60.6 billion 
liters a year in 2022. But the technology 
didn’t mature fast enough. So the Environ- 
mental Protection Agency (EPA), which 
Congress empowered to change the RFS 
schedule, has had to dial back the mandates. 
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Ramping up. Current law requires fuelmakers to blend an increasing volume 
of renewable fuels into gasoline, lowering greenhouse-gas (GHG) emissions. 
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To absorb the rising ethanol produc- 
tion, initially the U.S. Department of Energy 
(DOE) and EPA permitted refiners to sell ES, 
consisting of 95% gasoline blended with 5% 
ethanol. By 2008, numerous states mandated 
E10, and in 2011 EPA certified—but did not 
require—the sale of E15 for cars built after 
2001. Refiners also blend an ethanol-rich 
E85 for vehicles with specialized flexible- 
fuel engines. 

But the new market for ethanol didn’t 
immediately pave the way for cellulosic etha- 
nol. Its development has been slow, because 
it’s harder to make alcohol from nonagricul- 
tural biomass than from corn starch or sugar 
cane. That’s because the leaves and stalks of 
plants have a more complex molecular struc- 
ture made of a mixture of the biopolymers 
cellulose, hemicelluloses, and a woody mate- 
rial called lignin that prevents microbes from 
digesting plants as they grow. To make the 

sugars available for fermenta- 
tion, cellulosic ethanol-makers 
must first grind the plant mat- 


WM Feedstock ter and separate out the lignin 


with acids and other chemical 
additives. They then need to add 
cocktails of different enzymes 


to break apart the different 
sugar chains, with each feed- 
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Steady drop. The cost of cellulosic ethanol has declined steadily thanks to improve- 
ments in technology for converting agricultural wastes into fermentable sugars. 
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stock needing a slightly different 
cocktail. Finally, many cellu- 
losic ethanol producers have had 
to engineer specialized microbes 
to convert the broader mixture of 
sugars in cellulosic material into 
ethanol. All these extra steps add 
to the cost. 

For decades, that made cellu- 
losic ethanol far more expensive 
than corn- and sugar-derived 
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versions. As recently as 2001, researchers 
from the National Renewable Energy Labo- 
ratory (NREL) estimated that cellulosic etha- 
nol cost more than $2.38 a liter. That price 
fell as researchers and companies began 
coming up with better enzyme cocktails and 
better pretreatment methods. Now, a recent 
NREL analysis concludes that cellulosic 
ethanol can be produced for just 57 cents a 
liter, only modestly above the cost to produce 
corn ethanol. A 27-cent-per-liter tax credit 
awarded to companies that actually sell the 
fuel also stands to lower the cost of cellulosic 
ethanol that makes it to market. And cellu- 
losic ethanol companies and enzyme produc- 
ers insist they are doing even better. “Today 
we are at the point where cellulosic ethanol 
can be made at a cost similar to corn ethanol,” 
says Poul Andersen, a vice president with 
Novozymes, the world’s largest cellulosic 
ethanol enzyme producer based in Bagsveerd, 
Denmark. Beta Renew- é 
ables’ Ghisolfi goes even 
further, saying his com- 
pany can produce cellu- 
losic ethanol for less than 
40 cents a liter. That’s 
well below today’s price 
of gasoline. But because 
the price of gasoline 
depends primarily on the 
price of crude oil, if oil 
prices decline, so, too, 
will gas prices. 

Ethanol industry lead- 
ers say that this price 
decline has sparked a 
construction boom. In 
2012, the Advanced Eth- 
anol Council, a group 
made up primarily of cellulosic ethanol 
producers, reported that eight commercial- 
scale cellulosic ethanol plants in the United 
States—such as the ZeaChem plant in 
Oregon—were either open, in their final 
commissioning stage, or under construction. 
Another eight commercial facilities are in 
the engineering stage. Outside U.S. borders, 
in addition to the projects in Italy and China, 
commercial plants are under development 
in Brazil, Spain, Germany, and Denmark. It 
will take a few years for all those plants to 
be built, Ghisolfi says. But change is coming. 
“Worldwide, there will be tens of millions of 
tons of cellulosic ethanol delivered regard- 
less of the rules in the U.S.,” Ghisolfi says. 


Phantom fuel 

That all sounds well and good. But while 
the world waits, cellulosic ethanol critics in 
the petroleum industry complain that man- 


Building boom. Commercial- 
scale cellulosic ethanol produc- 
tion facilities have proliferated as 
the price of the fuel has dropped. 


dates for a so-far nonexistent fuel are driv- 
ing up their costs. Those added costs come as 
a byproduct of the way EPA monitors com- 
pliance with the mandates. EPA does so by 
issuing renewable fuel credits, called Renew- 
able Identification Numbers, or RINs. At the 
end of each year, refiners and blenders must 
show that they have at least one RIN for 
every 37.9 liters of gasoline they sell. They 
receive those RINs either by earning one for 
each gallon of renewable fuel they blend or 
by buying excess RINs from other compa- 
nies that have more RINs than they need. 

Over the past 3 years, EPA decided to 
keep the lowered mandates for cellulosic 
ethanol in order to maintain the incentive 
for cellulosic ethanol companies to continue 
commercial development. That meant that 
oil refiners and blenders had no way to earn 
those RINs and thus had to buy them to ful- 
fill the mandates. 


Oil companies objected that the require- 
ment amounted to an added tax on their 
product and filed suit against EPA. In Janu- 
ary, a federal appeals court for the District of 
Columbia agreed, at least in part. The court 
ruled that EPA can’t require blenders to pay 
for credits for a product that is unavailable 
commercially. Nevertheless, the court con- 
tinued to allow EPA to set mandates for how 
much renewable fuels, including cellulosic 
ethanol, should be blended each year. And the 
week after the court’s decision, EPA proposed 
a new rule requiring refiners and blenders to 
blend 53 million liters of cellulosic ethanol in 
2013, again citing internal market projections 
that the fuel would be available. 

The decision drew an immediate back- 
lash. “We are disturbed that EPA is man- 
dating 14 million gallons [53 million liters] 
of cellulosic ethanol when zero gallons are 
available for compliance as of today,” says 


Ottawa, ON 
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Charles Drevna, president of the Ameri- 
can Fuel & Petrochemical Manufacturers in 
Washington, D.C. Louis Finkel, executive 
vice president of the Grocery Manufacturers 
Association, which is also in Washington and 
recently came out against RFS, notes that 
RFS was intended to help drive the develop- 
ment of technology for cellulosic ethanol and 
other advanced biofuels. But so far, it hasn’t 
worked. “The technology has not come for- 
ward,” Finkel says. 

With no cellulosic fuel on the market, “‘it’s 
just silly” to keep the blending mandates, says 
Marty Durbin, executive vice president of the 
American Petroleum Institute in Washington. 
Even worse, Durbin adds, the RFS mandate 
keeps rising even though U.S. gasoline sales 
have been declining for several years. Less 
gas means less ethanol needed for blending. 
“The pool is going down. The mandate is 
going up. That doesn’t make sense,’ Durbin 
says. “We’re not against 
renewable fuels. We 
think the [RFS] pro- 
gram doesn’t work.” 

That’s not the only 
grenade being tossed 
by cellulosic ethanol 
critics. Durbin and 
others argue that ris- 
ing ethanol mandates 
are putting the squeeze 
on food producers and 
consumers. “Ethanol 
drives up food costs,” 
Finkel says, though 
he acknowledges that 
other factors play a 
role as well. Ethanol 
opponents have been 
swinging even harder at E15. In January, the 
Coordinating Research Council released a 
study suggesting that increasing the ethanol 
content of gasoline from 10% to 15% can 
damage engines, including causing swell- 
ing to fuel system components, erratic fuel 
level indicators, and faulty check engine sig- 
nals. Previous testing by the industry-backed 
group found E15 could damage engine 
valves. Citing such industry studies, last year 
AAA and a group of auto manufacturers also 
warned that E15 may damage car engines. 

Putting horsepower behind their studies, 
ethanol’s critics are now pushing for policy 
changes. In January, following EPA’s deci- 
sion to up its 2013 mandate for cellulosic 
ethanol up to 53 million liters, Drevna called 
on Congress to repeal the RFS. It didn’t take 
long for members of Congress to take up the 
baton. In Congress, in February, Represen- 
tative James Sensenbrenner (R—WI]) intro- 
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duced a bill to limit the increase in the RFS 
mandate for cellulosic ethanol to 5% per year 
or 3.79 million liters, whichever is greater— 
far below the rate of growth needed to reach 
RFS’s mandate of 60.6 billion liters per year 
by 2022. Senators David Vitter (R-LA) and 
Roger Wicker (R—MS) introduced a separate 
bill to roll back the EPA approval of E15, 
saying the fuel needs more testing. 


Fighting back 
Ethanol backers acknowledge that their 
opponents are landing blows. “We are get- 
ting hammered by the oil industry,’ Coleman 
says. The ethanol industry is “under siege 
and fighting back,” Dinneen told the NEC 
audience, sounding like a general trying to 
rally his troops. 

But Dinneen and other ethanol true- 
believers don’t concede any of their critics’ 


points. Instead, they charge that their 
opponents—led by oil companies—are 
stepping up their attacks because renewable 
fuels are eating away at their market share. 
“You're being tested in the courts. You’re 
being tested in the halls of Congress,” 
Vilsack says. “Why now? I believe there 
is a reason: You are winning. And the folks 
on the other side are concerned.” 

In response, proponents of the new fuel 
muster studies and figures of their own. Far 
from being a failure, says Geoff Cooper, 
RFA’s vice president for research and analy- 
sis, RFS is the most successful energy legis- 
lation ever enacted. In just 8 years, he says, 
it has prompted the growth of an industry 
that now supplies 10% of all the transpor- 
tation fuel in the country. It’s directly cre- 
ated 70,000 jobs; increased household farm 
revenues by $28.9 billion; helped lower oil 
imports from 60% of U.S. transportation 
fuel in 2006 to 41% last year; and, according 
to a recent analysis using a computer model 
developed by DOE researchers, cut green- 
house gas emissions by 33.4 million tons in 
2012 alone, equivalent to removing 5.2 mil- 
lion cars and trucks from the road. 

Those numbers come with caveats. The 


2008 recession and rising fuel 
efficiency standards, for exam- 
ple, would have driven oil imports 
down to 48% without ethanol, 
and studies show that the ethanol 
mandate has driven corn prices 
up slightly. But Dinneen notes 
that according to the U.S. Depart- 
ment of Agriculture, food inflation 
has increased only 2.5% per year 
since 2005, when RFS was insti- 
tuted, essentially unchanged com- 
pared with the long-term average. 
Crude oil prices over that same 
period, meanwhile, have risen 
68%. And when it comes to grow- 
ing corn, energy prices affect a 
wide variety of things, including 
the cost of fertilizer, transporta- 
tion, and processing; the cost of 


ingredients makes up only 14% of food’s 
final cost to consumers. 

Not only is ethanol already lowering oil 
imports and helping farmers, but its impact 
is also expected to grow sharply over the next 
decade, Cooper says. For example, in the 
November 2012 issue of Biofuels, Gbadebo 
Oladosu, an environmental economist at 
Oak Ridge National Laboratory in Tennes- 
see, and colleagues looked at the expected 
impact of RFS2 on the U.S. economy over 
the next decade. They conclude that add- 
ing renewable fuels will be responsible for 
a 3% decline in oil prices by 2015 and a 7% 
decline by 2022. That decline in energy costs 
is expected to boost the U.S. gross domestic 
product by 0.8%, or $120 billion, over that 
same period. “It’s a great American success 
story,’ Cooper says. 

As for industry complaints that cellulosic 
ethanol RINs amount to a tax, Dinneen notes 
that the credits have cost oil refiners and 
blenders just $25 million over 3 years—less 
than one-fiftieth of 1% of their profits over 
the same period. Besides, ethanol propo- 
nents say, the $4 billion to $5 billion a year 
in permanent tax breaks that oil companies 
receive for things like oil drilling and profits 


Steel in the ground. Construction crews put together the 
infrastructure for POET-DSM’s 76-million-liter cellulosic etha- 
nol plant in Emmetsburg, lowa. 


earned overseas have long tilted the market 
in the companies’ favor. 

In response to possible engine damage 
from E15, RFA and other groups note that 
studies suggesting engine damage were 
funded by oil and auto companies, and they 
point out several technical flaws in the stud- 
ies themselves. Besides, Dinneen says, E15- 
burning vehicles in the United States have 
already driven more than 10 million kilo- 
meters—the most extensive testing of any 
fuel mixture in history. 

Dinneen says proposed legislation to end 
incentives for cellulosic ethanol amounts 
to a bald attempt by oil industry backers 
to take down the competition and insists 
it won’t work. Shane Karr, the vice presi- 
dent for federal government affairs at the 
Alliance of Automobile Manufacturers in 
Washington, D.C., says that he, too, believes 
it’s “extremely unlikely” that any RFS repeal 
or reform will make it through while Barack 
Obama is president, unless it winds up being 
tucked into a large budget package or the like. 
Still, clearly the pressure is building. And 
cellulosic ethanol producers as well as mak- 
ers of other “advanced” biofuels are feel- 
ing the need to get commercial production 
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rolling. “We need to get advanced biofuels 
into the market,” Vilsack says. “That will 
mute some of the criticism and erase some 
of the skepticism.” 


The road ahead 

If Imbler, Ghisolfi, and other cellulosic etha- 
nol company CEOs are right, the spigots are 
ready to be opened. But if they do, that could 
spell a very different sort of trouble. That’s 
because corn ethanol producers already 
supply enough fuel to fill the entire volume 
needed for E10 gasoline. Gas stations aren’t 
required to sell E15, and so far only a hand- 
ful of them do. That means that unless cel- 
lulosic ethanol can be made cheaper than 
corn ethanol, there will be nowhere for the 
cellulosic ethanol to go, a situation industry 
insiders call the “blend wall.” “The blend 
wall is the big issue for 2013 and 2014,” 
says Wallace Tyner, an agricultural econo- 
mist at Purdue University in West Lafayette, 
Indiana. “There’s no place for cellulosics to 
go,” he adds 

The blend wall, it appears, has already 
arrived. This year RFS requires blenders to 
use 52.6 billion liters of ethanol, 2.65 bil- 
lion liters more than the amount of ethanol 
needed for E10. That extra 2.65-billion-liter 
requirement is intended to encourage retail- 
ers to move to E15 and other higher ethanol 
blends. But so far, all it seems to be doing 
is driving up the cost of RINs. RIN prices 
have jumped from an average of 2 to 3 cents 
per RIN in January to 75 cents per RIN 
last month. The price spike, observers say, 
is forcing blenders to look to buy RIN 
credits when they run out of room for their 
renewable fuel. 

But Dinneen and other RFS proponents 
call for patience and say that the market will 
handle the blend wall if given a chance. As 
cellulosic ethanol comes onto the market, 
the price of ethanol should drop. So refiners 
will be able to make more money by blend- 
ing E15 instead of by buying costly RINs, 
Dinneen explains. “The marketplace will 
work if you don’t change the RFS,” Dinneen 
says. This year is critical, he says, because 
it is the first in which RFS mandates add- 
ing more ethanol than E10 fuel can absorb: 
“This is where the rubber meets the road, 
and the policy hits the marketplace.” 

Even if cellulosic ethanol companies 
manage to avoid the blend wall over the next 
year, other obstacles are looming further out. 
To incorporate into gasoline the 60.6 billion 
liters of cellulosic ethanol that RFS calls for 
by 2022, refiners will need to up their blend 
mixture to 20% to 25% ethanol. “We’re 
nowhere close to doing that today,’ says 
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Michael Pacheco, associate laboratory direc- 
tor of the National Renewable Energy Labo- 
ratory in Golden, Colorado. 

To work with higher ethanol blends, car- 
makers will need to modify their engine 
designs. That’s doable. In fact, Brazil has 
required such designs for years to work 
with a wide variety of high-ethanol blends. 
As well, carmakers are already redesign- 
ing their engines in an effort to comply 
with higher U.S. mileage standards insti- 
tuted last year. But carmakers say that they 
are wary of tailoring engines to work with 
ethanol for two key reasons. The first is low 
demand from consumers. Flexible-fuel cars 
that run on E85 have been meager sellers in 
the United States, because the fuel mixture 
is not universally available and there are 
few incentives for car buyers to make the 
switch. And unless 
demand rises for 
other novel designs, 
companies say they 
can’t make money. 
“If there is no mar- 
ket pull, we will stop 
building those cars,” 
says Stuart Johnson, 
a senior manager for 
Volkswagen Group 
of America in Hern- 
don, Virginia. 

The second prob- 
lem for carmakers is 
that they need to be 
sure the fuel blends 
for the new engines 
will be widely avail- 
able. “If we are 
going to build dedi- 
cated vehicles, we 
need a dedicated fuel supply,” says Coleman 
Jones, biofuel implementation manager 
with General Motors in Franklin, Michi- 
gan. Fuel refiners say it works both ways: If 
cars that run on high-ethanol blends aren’t 
widely available, there’s no reason to offer 
the fuels at all gas stations. 

This has created a classic chicken-and- 
egg problem between the car companies that 
will build the cars only if they are sure there 
will be a fuel supply in place and the fuel 
refiners who will distribute the fuel only if 
they know they have cars on the road to use 
it. The problem is so acute, Pacheco says, 
that automakers are more comfortable with 
pushing more expensive electric car designs, 
because they know that they won’t face the 
fueling problem. 

Pacheco, who in the early 2000s worked 
on DOE studies that inspired RFS, now 
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wishes that he and other analysts had pushed 
harder for Congress to make the use of bio- 
fuels mandatory. That would have solved the 
problem of demand from the get-go, he says. 
“T was naive to think that the industry would 
start to prepare for the change,” Pacheco 
says. “I really underestimated the lack of 
support from the auto industry. They have 
effectively dug in their heels.” 

Cellulosic ethanol boosters say there’s 
still time to take action. For starters, Imbler 
argues, Congress could give all alternative 
energy producers a huge lift by making per- 
manent the tax credits they’ve been renew- 
ing on an annual basis. This would give 
investors confidence that a single set of rules 
would be in place for the duration of their 
investment. Pacheco is pushing a different 
approach. He says that he and his NREL col- 
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New kid. In 2011, EPA began allowing gas stations to sell E15. So far, only a 
handful of stations in the United States offer it. 


leagues are working to convene a meeting of 
representatives from oil companies, refiners, 
carmakers, and gas stations to begin to ham- 
mer out the transition to higher octane fuel 
blends. Finally, station owners such as Scott 
Zaremba, who sells E15 at all seven stations 
he owns in Kansas, says in making the tran- 
sition to higher ethanol fuel blends, there’s 
no option other than to talk with concerned 
customers one-on-one every day. “Nothing 
is easy,” Zaremba says, “but I believe in it.” 
The question is whether Zaremba and 
his fellow retailers can convince consum- 
ers quickly enough to buy the millions of 
liters of cellulosic ethanol headed their way. 
If not, an industry that is only now getting 
up to speed may soon resemble the piles of 
waste it’s trying to use to revolutionize the 
future of transportation. 
—-ROBERT F. SERVICE 
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Suresh Leaves His Mark on NSF 
As He Heads to Carnegie Mellon 


Outgoing NSF director hopes his initiatives on interdisciplinary research, global 
partnerships, and entrepreneurship will be sustained 


A $10 billion budget would have been nice, 
Subra Suresh admits. But having to work 
with a smaller budget than Congress and 
the president had once promised the 
National Science Foundation may be 
Suresh’s only real regret as he steps down 
today as NSF director. 

The Indian-born, U.S.-trained mechani- 
cal engineer is leaving NSF less than half- 


In tweaking how NSF does its business, 
Suresh hasn’t neglected his outside game. 
He’s preserved NSF's enviable reputation on 
Capitol Hill by assiduously courting influen- 
tial legislators from both parties. He’s been in 
step with White House priorities to the point 
that first lady Michelle Obama kicked off 
an initiative to help scientists balance work 
and family responsibilities. He worked with 


y. ‘A 


way through his 6-year term to become 
president of Carnegie Mellon University. 
Still, in 29 months he’s managed to put 
his stamp on the 62-year-old agency. He 
has launched initiatives designed to make 
scientists more entrepreneurial (Innova- 
tion Corps), to foster high-risk interdisci- 
plinary research (INSPIRE), and to build 
stronger ties between U.S. researchers and 
colleagues in other countries (SAVI). He also 
reassigned several programs that had 
reported directly to him, notably inter- 
national and polar activities, as part of a 
move to integrate the foundation’s activities 
under a concept he calls OneNSF. 


his counterparts around the world to cre- 
ate the Global Research Council (GRC), a 
voluntary forum of funding agencies from 
some 50 countries to discuss common con- 
cerns. And he’s done it all on a budget that 
remained stuck at about $7 billion during his 
tenure—and will shrink this year. 

“T never felt I couldn’t initiate an idea 
because of a flat budget or budget con- 
straints,’ Suresh says. “A lot of things aren’t 
limited by money; they are limited by ideas 
and energy.” 

Those qualities have never been in short 
supply for the 56-year-old former dean of 
engineering at the Massachusetts Institute of 


Technology (MIT). In fact, some NSF staffers 
whose lives have been disrupted by Suresh’s 
management changes breathed a collective 
sigh of relief when Suresh announced he was 
headed to Carnegie Mellon. But many other 
program officers say that they appreciate what 
Suresh has done in moving NSF in new direc- 
tions. “I’ve been at NSF for 28 years, and this 
is the most fun I’ve ever had,” says Richard 
Behnke, head of the geospace section within 
the geosciences directorate and co-chair of 
the internal working group that designed the 
INSPIRE (Integrated NSF Support Pro- 
moting Interdisciplinary Research and 
Education) grants program. 

“Subra came in with a vision for the foun- 
dation, and he’s effectively implemented it in 
a way that has been very collegial,” says Dan 
Arvizu, chair of the National Science Board, 


Team leader. Subra Suresh (left) celebrated his 
appointment last month as the ninth president of Carn- 
egie Mellon University with outgoing CMU President 
Jared Cohon. Last week, he joined Chilean President 
Sebastian Pinera in dedicating ALMA, a $1.5 billion 
millimeter array on the 5000-meter-high Chajnantor 
plateau in Chile’s Atacama Desert (above). 


NSF’s presidentially appointed oversight 
body. “He’s also raised the visibility of NSF 
around the world.” 

Speaking with Science during a 7 March 
interview in his 12th-floor office at NSF 
headquarters in Arlington, Virginia, Suresh 
said he relishes the opportunity to return to 
academia. Before he starts at Carnegie Mel- 
lon on 1 July, however, Suresh hopes to crank 
out a few more publications with his remain- 
ing graduate students at MIT. “You'd be sur- 
prised at how much can be accomplished in a 
week with no interruptions,” he noted. 

Here are excerpts from that interview. 

—JEFFREY MERVIS 
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On any regrets: 

NSF has been enormously successful over 
its 62 years. But the evolution of its organi- 
zational structures lags the evolution of sci- 
ence. ... I would have loved to have seen a 
$10 billion budget. I would have really liked 
that. But regardless of what we have to spend, 
we cannot continue to carry out activities 
that started 30 or 40 years ago. It’s difficult 
for any institution to end things that have 
already provided their full value, but having 
that ability is critical for an agency to be able 
to move ahead with new and exciting things. 


On the origins of INSPIRE: 

INSPIRE [Science, 18 November 2011, 
p. 883] came about because of a lot of 
conversations, internally and externally, to 
foster exciting, interdisciplinary work that 
usually falls through the cracks because of 
traditional ways of identifying new ideas. 

This is not just a problem I noticed as an 
administrator. I also came to it as a scientist. I 
went from mechanical engineering to micro- 
biology, so as someone in his late 40s, and a 
department head, I wondered, “How do I get 
my funding? How do I get my first experimen- 
tal results?” So I know the issue from the cus- 
tomer’s viewpoint. 

It developed over several months from the 
time I arrived [in October 2010] to the release 
of the president’s 2012 budget [in February 
2012]. I proposed it to the administration and 
OMB [Office of Management and Budget], 
they embraced it and funded it, for the first 
year, for up to $24 million. And it also grew 
out of conversations with the NSF community 
over the summer, when I was waiting for the 
Senate to take up my confirmation. ... 

We put in $12 million from the director’s 
office, and program officers were asked to 
match it. They ended up contributing $18 mil- 
lion, and every office participated. And last 
summer we made 40 awards. 


On the Career-Life Balance Initiative: 
Although 40% of all STEM [science, tech- 
nology, engineering, and mathematics] 
Ph.D.s are women, they are only 26% of the 
STEM workforce. Given that they are one- 
third below their ability to contribute for a 
variety of factors, NSF had a chance to play 
a huge leadership role. 

So for a very small amount of money— 
in contrast, we spend hundreds of millions 
of dollars on broadening diversity—we 
worked to adjust our policies and practices 
[Science, 30 September 2011, p. 1811]. 
Then I socialized it with members of Con- 
gress, and with the White House, which 
was quite taken by this idea. And that’s 


why I think for the first time we had an 
NSF event at the White House, and the first 
lady participated. 


On the Innovation Corps: 

We spend $6 billion a year on basic research, 
and we don’t want to deviate from that, 
because if we don’t fund basic research, there 
aren’t a lot of other opportunities for people 
to get funded. 

But having said that, a lot of the proj- 
ects that we fund don’t go beyond a publi- 
cation. That’s not because the PIs [principal 
investigators] aren’t capable of taking it fur- 
ther, but because some don’t 
have the opportunity to do it 
at the institutions in which 
they work. 

Ithought NSF can exercise 
its status and its bully pulpit 
to create, on a national scale, 
a set of activities that other- 
wise would not be possible. 
And I’ve been enormously 
pleased—it’s far surpassed 
my expectations [Science, 
20 July 2012, p. 281]. 

In the first year we made 
100 awards (to three-person 
teams); in the second year 
it grew to 300. There are now five national 
nodes—in the [San Francisco] Bay area, in 
the New York City area, in the Washington- 
Baltimore metropolitan area, as well as at 
the University of Michigan and Georgia 
Tech [the Georgia Institute of Technology]. 


On GRC: 

A recent report from Battelle noted that, for 
the first time in history of science funding, 
the Asian nations together invested more in 
R&D than the US. did, a total of $425 billion. 
(Global investment is $1.5 trillion.) Given that 
level of investment from developing coun- 
tries, there are a lot of questions. For example, 
how do we make sure all the basic elements of 
the scientific process—issues like peer review, 
research integrity, intellectual property rights, 
and so on—evolve as quickly as possible, so 
that we all benefit from it? 

So we thought, since countries look up to 
NSF rather than creating many bilateral col- 
laborations, this allows us to work on a larger 
stage. For our first meeting [last spring] I 
invited the head of one funding agency from 
48 countries, and 47 came. There was unani- 
mous support for the GRC, and the second 
meeting will be in Berlin at the end of May. 

Right now, there’s not anybody to monitor 
these issues. It’s not done by heads of state, or 
between the State Departments of each coun- 


“| would have loved 

to have seena 

$10 billion budget. ... 
But regardless of what 
we have to spend, we 
cannot continue to 
carry out activities 
that started 30 or 


40 years ago.” 
—SUBRA SURESH 
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try. It’s not individual scientists that can do it, 
and funding agencies are right in the middle 
of this. And at Berlin they will discuss a plan 
for future action on open access. 


On a new NSF report showing that the 
share of U.S. undergraduate STEM 
degrees awarded to blacks has remained 
flat for the past decade: 

It’s a lot of complicated issues. A lot of stu- 
dents arrive at college wanting to go into 
STEM fields and, for a variety of reasons, 
they drop out in the freshman year. I don’t 
know that there is a simple answer. 

And it’s not just an under- 
graduate issue. If taking high 
school STEM courses is not 
regarded as cool, you’re not 
going to have a lot of people 
from any race wanting to go 
into these fields. 

There is another statistic 
that is important. In Asia, the 
fraction of all college gradu- 
ates that earn engineering 
degrees is 21%. In Europe 
it’s 13%. In the United States 
it’s 4.5%. And that has been 
slightly declining in the U.S. 
How do we remain an inno- 
vation leader if only 4.5% of our graduates 
choose to go into engineering? 

[Education Secretary] Arne Duncan has 
said how, in Singapore, it’s so prestigious 
to be a high school science teacher. And the 
pay scale reflects that. And all of this con- 
tributes to how many STEM graduates we 
will have. 


On becoming a college president: 
Universities are places where you have an 
opportunity to continuously interact, edu- 
cate, and learn from young people. And it’s 
a very satisfying environment. I’ve always 
enjoyed university life. And being at a uni- 
versity that is a leader in research and educa- 
tion is an exciting prospect. 


Advice to the next NSF director: 

I hope that my successor has a better eco- 
nomic climate in which to work. But even in 
the tough climate I faced, NSF probably did 
as well as any agency could have done. 

I very much enjoyed my interactions with 
my colleagues at other agencies and with 
members of Congress on both sides of the 
aisle. I spent a lot of time cultivating those 
relationships in Washington, and I would 
strongly suggest that my successor spend 
enough amount of time cultivating those 
same relationships with Congress. 
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LETTERS 


edited by Jennifer Sills 


Libraries’ Social Role in the Information Age 


RECENTLY, THE NEW YORK TIMES ASKED WHETHER WE STILL NEED LIBRARIES (2). THE ANSWER IS ___ respect to three aspects: the physical space, 
yes, but the role of libraries in our society is changing. Traditionally, the library’s goalhas been __ the staff, and information control. In our 
to store the information generated by society. People would visit libraries for the purpose of | quality assessment studies (5), we have 
accessing this information with the help ofa librarian. With the advent of the Internet, the Web observed that students are not concerned 
has assumed the traditional role of libraries, and search engines (such as Google) have assumed _—_ about the library’s collection, but want devel- 
the role of the librarians. However, we believe that there are new opportunities for the libraries | opment of the physical dimension of libraries 


in the current information and knowledge society. and the creation of social spaces. 

In the 1980s, Ray Oldenburg theorized that people spend most of their time at home and at Libraries must adapt to stay relevant in 
the workplace, and much of their remaining time in spaces dedicated to the social life of the today’s society. 
community, such as coffee shops, bookstores, bars, and hair salons, which are central to the ENRIQUE HERRERA-VIEDMA*3* AND 
vitality of a democracy (2). Libraries can also serve as social spaces. JAVIER LOPEZ-GIJON?# 


To transition into this new role, libraries should begin to focus on the users rather than the "Department of Computer Sciences and Artificial Intelli- 
collection of information. Libraries should have social spaces of learning, thinking, and read- —_gence, University of Granada, Granada, Spain. Department 
ing, where people can share their experiences and knowledge. People could go to the library to St Library Sciences, University of Granada, Granada, Spain. 

& peop Pp ge. Pp & y 3Secaba Laboratory, University of Granada, Granada, Spain. 
check out books, use the Internet, read a book or a newspaper, or watch a documentary; as well 
as to learn how to open a bank account or start a business; discuss the problems of their neigh- __*To whom correspondence should be addressed. E-mail: 
borhood or country; take classes in poetry, theater, or film; or learn good eating and health “i¢¢ma@decsai-ugr.es 


habits—all while having a drink with other users. In this paradigm, the library will belong to References 
the community. 1. “Do we still need libraries?,” The New York Times 
; (27 December 2012); www.nytimes.com/roomfordebate/ 


People are already demanding these new services from libraries. In many countries, includ- 2012/12/27/do-we-still-need-libraries. 
ing the United States, United Kingdom, and the Netherlands, the public is losing interest in tra- 2. R. Oldenburg, The Great Good Place: Cafes, Coffee Shops, 
ditional public libraries of information, but pilot experiences with the new format of libraries SOR es, ie EN ile AGO Nenana one 


‘i ; the Heart of a Community (Paragon House, New York, 
are emerging and succeeding (3). 1989). 


In Spain, the local authorities of the city of Granada decided to close a public library located 3. International Federation of Library Associations (IFLA), 
in the popular district of Zaidin. The council did not predict the residents’ outcry, because ace ribn oot bret Bilingeshel Equipment NewsirsrG 
ue gat ‘ : 1 (2012); www. ifla.org/files/assets/library-buildings-and- 
it did not understand that the library played a central role as a social place for the commu- equipment/newsletters/2012-1.pdf. 
nity. Local residents, both young and old, struggled for a year to reopen the library, taking 4. La Biblioteca de las Palomas Renace (http:// 


H : nocierrebibliotecadelzaidin.blogspot.com.es/2013_ 
their grievances to the streets, 01.01. archive.html. 


{Community Local CA » the media, social networks, 5. E. Herrera-Viedma, “Asegurar la calidad de los servicios 
“residents protest the_ Y ECA puBL! and government authorities. bibliotecarios,” International Conference on University 
a Pinan ‘ : Libraries, National Autonomous University of Mexico, 
cl sing of y ny ' £4 They gained the ‘Support of Mexico City, Federal District, Mexico, 7 to 9 November 
nada. Mt prominent people in the Span- 2012 (www.youtube.com/watch?feature=player_ 


ish cultural scene (such as the embedded&v=5eW99VNePmy). 
writer Antonio Mufioz Molina) 
as well as many of the residents 


of Granada. In January, they China’s Food Security 


succeeded in reopening the Soiled by Contamination 
library. Clearly, their library 


was more than a simple reposi- IN ADDITION TO THE RAPID REDUCTION OF 
tory of information (4). arable land (“Losing arable land, China 

LibQUAL is a standard faces a stark choice: Adapt or go hungry,” C. 
technique for assessing the Larson, News Focus, 8 February, p. 644), soil 
quality of libraries accord- contamination poses an often overlooked but 
ing to users’ satisfaction with no less critical threat to China’s food security. 
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Tracking massive 
landslides 


Approximately 8.3% of the country’s 120 
million hectares of arable land—about the 
size of South Korea—is contaminated by 
unbridled mining, trash dumping, and long- 
term use of pesticides (/, 2). Heavy met- 
als such as cadmium and lead could enter 
the dining tables of households and restau- 
rants through the rice, fruits, and vegetables 
grown in contaminated fields (3, 4). Health 
risks associated with soil contamination so 
far have been most severe in the industrial- 
ized parts of China (/, 4, 5). 

Soil contamination could fundamentally 
undermine China’s efforts for national food 
security. The country has long been pushing 
its food production: A required minimum 
amount of arable land was made part of the 
basic national policy (6), and research funds 
have poured in for more productive cultivars 
(7). However, all these efforts could be in 
vain if crops are from tainted fields. It is thus 
striking that soil contamination has received 
little attention from the public. Likewise, 
there has been little government effort to 
build necessary institutions, such as special 
laws and monitoring programs, targeting 
soil pollution. 

China’s Ministry of Environment and 
Ministry of Land and Resources conducted 
a national soil pollution survey from 2006 
to 2010 (8), but the final report was never 
released. More recently, the Chinese State 
Council planned to comprehensively inves- 
tigate its soil environment by 2015, monitor 
60% of its arable lands on a regular basis, and 
endeavor to establish a national soil environ- 
mental protection system by 2020 (9). 

Releasing information from these surveys 
will help to raise public awareness of soil con- 
tamination and facilitate research for pollu- 
tion control. 

YAOLIN LIU,2* CHENG WEN,? XINGJIAN LIU? 
School of Resource and Environmental Sciences, Wuhan 
University, Wuhan, 430079, China. School of Earth and 
Environment, University of Leeds, Leeds, LS2 9JT, UK. 


3Department of Geography, University of Cambridge, Cam- 
bridge, CB2 3EN, UK. 
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Fostering Public Support 


for Vulture Protection 


THE PERSPECTIVE BY A. BALMFORD, “POLLUT- 
ion, politics, and vultures” (8 February, 
p. 653) reinforces the importance of collabor- 
ative efforts by the public and private sectors 
to protect vultures in the Indian subcontinent 
from the veterinary use of the painkiller drug 
diclofenac. The timely ban of diclofenac and 
its replacement with meloxicam was instru- 
mental in saving vultures from extinction. 
Now we need to sustain and improve these 
efforts to return the vulture population to its 
previous numbers. 

Although the ban of diclofenac was effec- 
tive in reducing the number of contaminated 
cattle carcasses (/), two obstacles could 
hamper the efforts to completely replace its 
use with meloxicam. First, meloxicam is 4 
to 5 times as expensive as diclofenac, and 
people are loath to accept new technologies 
and innovations, even if beneficial, when 
higher costs are required (2). Second, diclof- 
enac for human use is still readily available 
for purchase, and the environmental effects 
of a decline in the vulture population may 
not be perceived as a serious problem by 
farmers (3, 4). 

To encourage the use of meloxicam in 
lieu of diclofenac, I suggest taking the fol- 
lowing steps: First, to avoid increase in the 
cost of treatment for livestock farmers, the 
majority of whom fall below the poverty line 
(5), the Indian government should subsidize 
the cost of meloxicam to make the price 
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commensurate with the price of diclofenac. 
Second, an awareness campaign should be 
put in place to educate veterinarians, phar- 
macists, and farmers about the negative 
effects of diclofenac and encourage them to 
use the alternative. 

MADHUKAR SHIVAJIRAO DAMA 


Institute of Wildlife Veterinary Research, KVAFSU, Kodagu, 
571234, India. E-mail: madhukar262@gmail.com 


References and Notes 

. R. Cuthbert et al., PLoS One 6, e19069 (2011). 

. K. Senthilkumar, P. S. Bindraban, T. M. Thiyagarajan, 
N. De Ridder, K. E. Giller, Agricult. Syst. 98, 82 (2008). 

. M. Chong, J. Risk Res. 8, 617 (2005). 

. C. Hall, Geoforum 39, 204 (2008). 

. |Z. Ansari, S. Akhtar, Development 2, 443 (2012). 

. The measures expressed in this article solely represent 
the personal views of the author. 


NP 


anu pw 


CORRECTIONS AND CLARIFICATIONS 


News and Analysis: “What it means for agencies to be 
under the sequester” by J. Mervis (1 March, p. 1020). The 
article incorrectly describes the impact of the sequester 
on the Manufacturing Extension Partnership (MEP) cen- 
ters within the National Institute of Standards and Tech- 
nology (NIST). An 8 February letter from NIST to Congress 
says “NIST would be forced to end work it is currently doing 
through the Manufacturing Extension Partnership (MEP) 
Center system.” It does not address the potential impact on 
the staff of the centers. 


Research Articles: “Authigenic carbonate and the history of 
the global carbon cycle” by D. P. Schrag et al. (1 February, p. 
540). The published version of Fig. 2 was not in agreement 
with the equations in the text. The correct Fig. 2 is below. 
This error did not affect any conclusions in the paper. The 
HTML and PDF versions online have been corrected. 


1.0 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the past 3 months or matters of 
general interest. Letters are not acknowledged 
upon receipt. Whether published in full or in part, 
Letters are subject to editing for clarity and space. 
Letters submitted, published, or posted elsewhere, 
in print or online, will be disqualified. To submit a 
Letter, go to www.submit2science.org. 
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What Poincare Knew 


Peter Pesic 


enri Poincaré (1854-1912) was one 
H: the most distinguished and influ- 

ential scientists of his time, active 
in an astonishing variety 
of fields spanning pure 
mathematics, physics, 
astronomy, geodesy, teleg- 
raphy, and the philosophy 
of science. The centenary 
of his death is an appropri- 
ate occasion to look back 
at him, as Jeremy Gray (a 
historian of mathematics 
at the Open University and the University of 
Warwick) does in this biography. 

Gray is a versatile and prolific writer, 
whose previous books include treatments of 
non-Euclidean geometry, the Hilbert prob- 
lems, and (most recently) a wide-ranging 
treatment of mathematical modernism (/—3). 
Even so, Poincaré’s vast and diverse scope 
of activities presents a formidable challenge, 
which Gray addresses with remarkable skill. 
His book is the first full-length attempt to deal 
with all the main aspects of Poincaré’s work. 

Gray’s subtitle alerts us that this will be 
a scientific biography, a detailed account of 
Poincaré’s work rather than of his life in a 
more private sense. Gray thus emphasizes “the 
mind which creates” rather than “the man who 
suffers,” as T. S. Eliot phrased it. In so doing, 
Gray chooses to foreground the internal inter- 
play of influences within science itself, rather 
than the external social influences that have 
been the main interest of many historians of 
science in recent decades. To be sure, Gray 
presents an overview of the historical situation 
in which Poincaré worked. We learn about 
Poincaré’s involvement with political issues 
(such as the Dreyfus affair) and some details 
of his personal life and mannerisms that help 
fill out the sense of him as a human being. But 
the bulk of this hefty book unapologetically 
presents us with an account of Poincaré’s mul- 
tifarious works, mainly within the context of 
the various research fields in question. 

Gray structures his book topically, rather 
than chronologically. He begins with Poin- 
caré the essayist, whose lucid and trenchant 
writings became best-sellers and yet had 
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such depth and substance that the young 
Albert Einstein remembered being “breath- 
less with excitement for weeks” as he read 
them. These accessible, popular 
works were the most visible signs 
of Poincaré as a public intellectual. 
Gray’s skillful treatment of them 
gives a nice point of entry for gen- 
eral readers, who then are poised 
to read his overview of Poincaré’s 
career. This includes Poincaré’s 
practical activities in geodetic 
mapping and wireless telegraphy 
as well as his involvement in a few debacles 
(such as the discredited “N-rays,” an elusive 
phenomenon that he endorsed for a time). 
After devoting the first 200 pages to these 
eminently accessible topics, Gray then turns 
to more difficult and technical matters. He 
structures his account around certain pivotal 
episodes, such as the 1880 prize competition 
that crowned Poincaré’s mathematical work 
or the problem of the celestial mechanics of 
three bodies, to which Poincaré contributed 
signally. Gray shows his mettle by the care 
and depth with which he has read a vast range 
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of technical writings by Poincaré and others. 
As he deals with this difficult material, Gray 
demonstrates a notable ability to give detailed 
and yet clear, succinct accounts, synthesizing 
and summarizing formidably technical issues. 

Still, given the range of topics across 
mathematics and physics, many general 
readers will find the rest of the book quite 
challenging. Gray presents this technical 
material frankly, rather than avoiding its dif- 
ficulties. He offers brief explanations to help 
the reader grab a foothold, along with useful 
appendices and a glossary. He always tries to 
keep the narrative going, rather than merely 
listing theorems. Although different readers 
may wish for more help at different points, 
what Gray manages to convey may be more 
remarkable than what remains obscure. In 
particular, his treatment of Poincaré’s work 
in topology inspires the hope that these ideas 
are worth struggling to understand, espe- 
cially the larger vista, the underlying project, 
behind the plethora of details. 

Poincaré himself characteristically steered 
his abstract mathematics toward physical and 
practical issues. We learn from Gray that Poin- 
caré’s deepest concerns were for mathemati- 
cal physics, that he valued intuition at least as 
much as rigor, and that he was always asking, 
whether in practical or theoretical matters, 
“How do you know that?” Indeed, the nature 
of knowledge was Poincaré’s greatest concern 
in philosophy, which he brought also to his 
work on physics. Gray gives an 
engrossing account of Poincaré’s 
long involvement with many 
sides of physics, from the the- 
ory of electricity and magnetism 
(including very practical ques- 
tions of telegraphy and transmis- 
sion), through his independent 
approach to a relativistic theory, 
to his fascination, late in life, with 
the emergent quantum theory. 

Despite his many brilliant 
interventions and mathematical 
virtuosity, Poincaré, Gray argues, 
made no great discovery in phys- 
ics. Nonetheless, Gray empha- 
sizes that for Poincaré “there is 
no valid or clear distinction to 
be made between mathematics 
and physics because the two are 
so intimately entangled.” Gray 
shows us the full dazzling sweep 
of what Poincaré accomplished, 
including the work on dynamical 
systems and chaos that only came 
~ into its own in recent years. A tour 

de force, Gray’s masterful treat- 
ment will long remain an invalu- 
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able resource for all who want to understand 
Poincaré, so embedded within his times and 
yet so far ahead of them. 
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TECHNOLOGY AND SOCIETY 


The Lost Phone 


Joseph B. Bayer 


he mobile phone is missing from Rich 
| Ling’s Taken for Grantedness: The 
Embedding of Mobile Communica- 
tion into Society. This is not to say the book is 
not about mobile communication. The mobile 
phone is missing because we are no longer 
aware of its presence. Mobile communica- 
tion is now simply communication. To make 
this argument about the changing nature of 
our social structure, Ling (a sociologist at IT 
University of Copenhagen) advances a novel 
framework for understanding the transition 
from innovation to integration. 

The book is Ling’s third solo undertak- 
ing on the role of mobile communication in 
everyday life. In its predecessor, he illustrated 
the power of mobile communication tech- 
nology to strengthen close 
ties among people (/). His 
current foray is bolder and 
more sprawling. The level 
of analysis verges on mac- 
rosociology, as he moves 
away from the academic 
microsociology that charac- 
terized much of his earlier 
work. Although he still uses 
interviews and focus-group 
data to map out phenomena, the scope of the 
work no longer centers on personal relation- 
ships. Rather, the concept of taken for grant- 
edness presumes a societal scale. 

Ling begins by arguing that three seem- 
ingly unrelated innovations—the clock, the 
car, and the cell phone—each represent what 
he terms social mediation technologies. These 
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tools “enable, but also set con- 
ditions for, the maintenance of 
our social sphere.” In framing 
the contrast with the more estab- 
lished developments of mechani- 
cal timekeeping and the automo- 
bile, the book aptly underscores 
the prominence of the mobile 
device. Ling does not claim 
these three innovations are the 
only social mediation technolo- 
gies (for example, he also notes 
online calendar systems), but his 
case-study approach does elicit questions of 
theoretical purview. Ultimately, Ling sways 
between developing a theory of mobile com- 
munication as a distinct taken-for-granted 
technology and a wider theory on the nature 
of taken for grantedness across these particu- 
lar social technologies. 

An amalgam of perspectives—including 
recent theories on domestication and mobil- 
ity and not-so-recent theories from a number 
of sociological greats (e.g., Emile Durkheim, 
Max Weber)—informs Ling’s framework. 
This diverse collection of ideas works well 
overall, although it was surprising to find 
Pierre Bourdieu’s highly germane concept of 
habitus absent from the discussion. For each 
social mediation technology, Ling divides the 
process of reaching taken for grantedness into 
the stages of diffusion, legitimation, social 
ecology, and reciprocal expectations. This 
format can be repetitive, but his sociologi- 
cal style of brief subsections and participant 
excerpts reads smoothly. It is clear that some 
of the interviews are a bit dated, and at times 
Ling relies on teen data while making gen- 
eralizations across generations. 
However, these concerns do not 
detract from his core argument. 
The global approach serves to 
stress the effects of mobile com- 
munication on social structure 
more broadly. 

The first three stages of the 
theory establish how these tools 
have rewired human communi- 
cation and interaction. The crux 
of Ling’s argument, though, is rooted in how 
this rewiring affects our reciprocal expecta- 
tions as members of society. We now take it 
as a given that others abide by a standard sys- 
tem of time, drive a car in the suburbs, and 
carry a mobile phone. And as Ling reminds 
us, if we do not commit to these rules, we 
become a problem for others. Hence, the 
effects of reciprocal expectations expose 
an unconscious architecture of interactional 
rules—flowing through technological mid- 
dlemen such as the mobile phone. 


BOOKS _er 


The book effectively documents the inte- 
gration of these technologies into the fun- 
damental structure of society, yet the author 
could have further developed the theoretical 
implications of this broader process. Ling 
demonstrates that interpersonal communi- 
cation no longer equals meeting at a specific 
space and time; it is flexibly instinctive. In turn, 
one wonders whether it is the mobile phone 
that has become embedded or the underlying 
access to information in the present. His con- 
clusion, however, is more a commentary on 
the state of social capital than a full realiza- 
tion of the concept of taken for grantedness. In 
general, Ling’s emphasis appears to be on how 
we got here as opposed to where we are going. 
At the same time, the book raises impor- 
tant questions about voids that exist, or will 
exist, in our social ecology. What other social 
mediation technologies could alter the basic 
arrangement of communication and reach the 
state of taken for granted? 

With Taken for Grantedness, Ling shows 
that the mobile phone is missing from our 
stream of consciousness—that is, until it is 
missing from our pockets. The book articu- 
lates how contemporary society depends on 
the seamless synthesis of mobile communi- 
cation, timekeeping, and transportation. Thus, 
by demonstrating how ordinary mobile com- 
munication has become, Ling unveils how 
integral it is to the collective human psyche. 
Whereas many facets of new media are 
dynamic, the core elements of mobile com- 
munication, such as expectations of acces- 
sibility, are immobile. In a sense, the book 
represents a declaration of the permanence 
of mobile communication, as forecast by the 
author in 2004 (2). The mobile phone, once a 
harbinger of the changing world, is now lost in 
the ebb and flow of the quotidian. 
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INTELLECTUAL PROPERTY 


Drug Patents at the Supreme Court 


C. Scott Hemphill and Bhaven Sampat* 


.S. pharmaceutical patent policy is 
| | poised for a major review by the U.S. 
Supreme Court. Later this month, the 
Court will hear a case, Federal Trade Com- 
mission (FTC) v. Actavis, Inc., about a tac- 
tic alleged to be illegal by US. regulators, so- 
called “reverse payment” settlements of pat- 
ent litigation. A maker of a branded drug pays 
a “generic” drug maker offering a competing, 
unbranded version of a drug, to abandon its 
challenge of the branded firm’s patent. This 
tactic has also received regulatory scrutiny in 
Europe (/, 2). The Court’s ruling promises to 
reset the innovation/access balance for drugs, 
whatever the result. We explain the stakes of 
the case, and how settlements of “secondary” 
patents affect that balance. 

In 1984, the U.S. Congress enacted the 
Hatch-Waxman Act to balance incentives 
for drug innovation against robust consumer 
access. The act enables generics to challenge 
branded firm patents that they believe were 
erroneously issued (invalid) or impertinent 
(not infringed), under the theory that such 
patents ought not deprive consumers of low- 
priced generic drugs. Cheaper generic drugs 
have saved purchasers billions of dollars per 
year—an estimated $1 trillion in the United 
States over the past decade, according to an 
industry-sponsored study—which makes 
such drugs a powerful way to keep down 
health-care costs (3). 

Under rules created by the act, a generic 
must wait until patent expiration or assert 
that one or more branded patents are invalid 
or not infringed. That challenge is an act of 
patent infringement, which often prompts the 
brand to file a lawsuit to prevent the generic’s 
product launch. The outcome of that suit— 
including a settlement—determines when 
the generic firm can enter the market. 

Since 1984, branded firms have substan- 
tially stepped up their patenting efforts, in an 
effort to postpone the loss 
of exclusivity. In the United 
States, patents per drug 
roughly doubled for the 
cohort of drugs approved 
between 2000 and 2002 
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compared with drugs approved between 1985 
and 1987 (4). Multiple patents with overlap- 
ping terms result in a longer nominal term of 
protection. In Europe, the trend is similar (/). 


Secondary Patents 
Part of this growth reflects a rise in second- 
ary patents. These provide regulatory pro- 
tection to ancillary aspects of drug innova- 
tion—such as particular drug formulations 
and compositions—beyond the core, tradi- 
tional protection, a patent on a novel active 
ingredient. Secondary patents have become a 
focus of branded patenting and a major focus 
for generics’ efforts to enter the market before 
patent expiration. Such patents are viewed as 
less effective bars to generic entry, compared 
with active ingredient patents (5, 6). Second- 
ary patents are thought to be less likely to 
meet legal standards of patent validity. Their 
prevalence, notwithstanding this, reflects the 
fact that the Patent and Trademark Office 
(PTO) generally provides only a limited 
review of patent applications, which is driven 
by resource constraints and incentives facing 
examiners. It is also easier for generic firms 
to avoid infringement by inventing around 
secondary patents, for example, by devising 
alternative formulations. For these reasons, 
generic firms’ challenges to these patents are 
likely to be on stronger footing, a point on 
which we provide empirical evidence below. 
Previous work suggests that secondary 
patents, particularly late-expiring ones, are 
disproportionately targeted for preexpiration 
challenge by generic firms (7). Such chal- 
lenges serve a potentially valuable role, sub- 
jecting a questionable patent to a second look 
after issuance. This is important given the rel- 
atively cursory review provided by the PTO. 
Aside from reducing prices sooner, the sec- 
ond look may have a salutary effect on inno- 
vation, channeling innovative efforts toward 
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Arguments for paying generic drug makers 
to abandon patent challenges may rest on 
dubious assumptions. 


new chemical entities (which typically have 
“strong” active ingredient patents) and away 
from incremental improvements (which rely 
more on secondary patents). That channeling 
is valuable, provided that litigation tends to 
validate more deserving innovations. 


Reverse Payment Settlements: Disrupting the 
Balance? 

Beneficial effects of patent challenges can 
be lost by postchallenge settlements. Con- 
sider AndroGel, the drug at issue in the 
Supreme Court case. AndroGel is a testos- 
terone replacement therapy manufactured by 
Solvay. In 2003, two drug makers—one of 
which was later bought by Actavis—sought 
to introduce generic versions of the drug. 
Although AndroGel is protected by a patent 
that expires in 2021, the generics challenged 
this patent as invalid, and not infringed by 
the proposed generic products (8). After the 
challenges, Solvay sued for patent infringe- 
ment. In 2006, the parties settled. Under the 
settlement, generic AndroGel will not be 
available until 2015, compared with 2006 or 
2007 if the patent had been found invalid or 
not infringed. 

The FTC, which brought suit to prohibit 
the deal, alleges that Solvay made large pay- 
ments to the generics, in violation of antitrust 
law, to induce them to abandon patent chal- 
lenges and to delay entry for 9 years. The FTC 
argues that such deals, which are increas- 
ingly common (9), harm drug purchasers by 
prolonging the period of monopoly profits 
enjoyed by a branded firm. Such settlements 
have yielded >$12 billion in estimated over- 
charges since 1993 (J0). 

Branded drug makers argue that a relaxed 
approach to reverse payment settlements 
is desirable because higher profits promote 
essential research and development (R&D) 
that lead to new drugs (//). In defense of 
settlements, representa- 
tives of both branded and 
generic firms have pointed 
to outcomes of lawsuits 
that do not settle. Often, the 
branded firm wins (/2, /3), 
which results in generic 
entry at patent expiration. 
In a case where the branded 
firm would probably win, it 
is argued, a settlement with 
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a late entry date may reflect the expectations 
of the parties (/4). The more that settlements 
pertain to cases the branded firm will probably 
win, the less we ought to worry about reverse 
payment settlement as disrupting the second 
level of review provided by patent challenges 
and litigation (/5). 


Settlement and Secondary Patents 

These arguments are amenable to empirical 
analysis (/6). Previous empirical work (/0) 
collected public information about identi- 
fied settlements with evidence of payment. 
For each drug in this data set, we collected 
information about which patents were liti- 
gated and settled. Each patent was coded, 
on the basis of whether at least one claim 
covered an active ingredient, by using the 
method outlined in (7). If not, the patent was 
coded secondary (/7). 

For the patents at issue in settled litiga- 
tion, 89% were secondary patents (/8). Far 
from offering generic entry earlier than under 
the presumed likely outcome, a brand win, 
reverse payment settlements usually limit 
early entry on patents that would otherwise 
result in a generic firm win. There is therefore 
serious concern that settlement unduly delays 
generic entry, harming consumers and poten- 
tially distorting R&D incentives. 

This conclusion rests on the premise that 
active ingredient patents are more likely 
than secondary patents to be found valid and 
infringed. Some secondary patents are found 
valid and infringed, and some active ingre- 
dient patents are not (/9). To evaluate this 
generalization, we collected information on 
completed patent litigation on all drugs that 
first became eligible for challenges between 
2000 and 2008. The litigation covers 277 
patents and 147 drugs. For each patent, we 
determined the outcome of litigation at the 
district/trial court level: brand win, generic 
win, or settlement, and coded the patent as 
described above. 

Of the 48% of cases litigated to comple- 
tion (not settlement), the branded firm nearly 
always wins a suit asserting an active ingredi- 
ent patent (92%), but usually loses asserting 
secondary patents (32% wins) (see the chart). 
This is consistent with the generalization that 
active ingredient patents are indeed more 
likely to be found valid and infringed. 

For 52% of cases, settlement is the 
result. Not all settlements in this data set 
involve reverse payments; we use these data 
only to assess win rates for different types 
of patents when litigated to completion. As 
win rates can be hard to interpret when there 
is an option to settle (20), we examined liti- 
gation in an era when settlements were less 
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common, before 2006 (2/). For this subset 
(n = 25), all patents were litigated to com- 
pletion. The branded firm won every dispute 
involving active ingredient patents and lost 
nearly all secondary patent litigation (14% 
wins). These results are consistent with the 
full sample; generic challengers are likely 
to prevail on secondary patents if litigated 
to completion. 

We have shown that reverse payment set- 
tlements disproportionately focus on sec- 
ondary patents, and that, consistent with pre- 
vious qualitative characterizations of these 
patents, secondary patent challenges are usu- 
ally won by generics when litigated to com- 
pletion. This challenges the argument that 
reverse payment settlements should be toler- 
ated because they are on patents that brands 
are likely to win. Reverse payment settle- 
ments, focused on patents where the generic 
likely would have prevailed, interrupt the 
valuable patent-testing process when generic 
drug makers challenge patents before expi- 
ration. Such settlements are most disruptive 
in the very context, secondary patents, where 
this testing is most important. 

If the FTC wins its case, we can expect 
fewer settlements with entry-delaying pay- 
ments and a consequent increase in early con- 
sumer access to lower-priced generic drugs. 
Reverse payment settlements on secondary 
patents would be replaced by either procom- 
petitive settlements or litigation, where we 
would expect a high degree of generic success. 
Some settlements with payments will survive, 
because the FTC’s proposed rule allows drug 
makers to justify a payment by proving that 
it was made for unrelated services, not delay; 
defensible in light of the avoided litigation 
expense; or otherwise procompetitive. 

If the Court endorses reverse payment set- 
tlements, we can expect delayed generic com- 
petition until the patent expires, even for drugs 
whose patent protection is weak. There might 
seem to be a benefit, with additional profits 
enjoyed by branded firms fueling new inno- 
vation. But this argument can be applied to 
any other conduct, even illegal, such as price- 
fixing, that raises branded profits. 

Our results uncover a further critique, 
that this bonus accrues mainly to secondary, 
less important aspects of innovation. Thus, 
reverse payment settlement (if permitted by 
the court) can be expected to primarily ben- 
efit follow-on formulations and other forms 
of innovation covered by secondary patents. 
We doubt whether distortion in favor of sec- 
ondary innovation is desirable, particularly 
given concerns about the slowdown in pro- 
duction of new chemical entities. At a mini- 
mum, it is this selective subsidy that settle- 
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ment advocates must explain and defend, 
not any subsidy to R&D generally. 
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CELL BIOLOGY 


Making a Point with Wnt Signals 


J. D. Berndt! and R. T. Moon’? 


he Wnt family of secreted proteins is 
critical for cell fate specification dur- 
ing embryonic development and in 
adult stem cell niches. Wnts control diverse 
processes including body plan determina- 
tion and tissue patterning, and aberrant Wnt 
signaling can lead to developmental abnor- 
malities and disease, including cancer (/—3). 
It has long been suspected that Wnts act in 
a concentration-dependent manner. How- 
ever, difficulty in purifying active recom- 
binant Wnt proteins and the reduced activ- 
ity displayed by Wnts expressed with epit- 
ope tags have hampered investigations into 
the role of localized Wnt signals. On page 
1445 in this issue, Habib et al. (4) describe 
a technical advancement that allows cells to 
be exposed to a point source of Wnt. Such 
restricted Wnt activity induces polarization 
of embryonic stem (ES) cells and triggers 
asymmetric cell division, producing daugh- 
ter cells with two distinct cell fates. 

ES cells can differentiate into any cell 
type in the body. This pluripotent state is 
afforded by the repression of genes associ- 
ated with cell fate determination. Wnt acti- 
vates a cell signaling cascade (the canonical 
Wnt-—B-catenin pathway) that maintains plu- 
ripotency and self-renewal of mouse ES cells 
(5). Habib et al. observed that exposing an 
ES cell to Wnt3A molecules that are cova- 
lently attached to carboxylic acid—coated 
superparamagnetic beads enriched Wnt 
pathway components in the region of the cell 
nearest to the bead. These included the Wnt 
co-receptor, LRP6, and the intracellular pro- 
teins §-catenin and adenomatous polyposis 
coli (APC). After cell division, the daughter 
cell in contact with the Wnt3A bead had a 
greater amount of B-catenin protein (reflect- 
ing greater activation of Wnt signaling) than 
the distal daughter cell. Wnt3A beads were 
sufficient to orient the mitotic spindle in the 
parent stem cell and led to inheritance of the 
parent centriole by the daughter cell in con- 
tact with the bead. There was also asymmet- 
ric inheritance of proteins associated with 
pluripotency—such as the transcription reg- 
ulatory proteins Rex] and Nanog—whereas 
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Embryonic stem cell division is influenced 
by the spatial orientation of the cells relative 
to the source of Wnt protein. 
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Orienting cell division. (A) A point source of Wnt3A leads to the asymmetric inheritance of B-catenin, pro- 
teins associated with self-renewal and pluripotency, and markers of differentiation. (B) Bath application of 
Wnt3A promotes symmetric distribution of these factors and results in two daughter cells with equally plu- 
ripotent cell fates. 


the daughter cell distal to the Wnt3A bead 
expressed markers of an epiblast cell, a more 
lineage-restricted fate (see the figure). Col- 
lectively, these findings indicate a role for 
Wnts in the self-renewal of ES cells and raise 
the question of additional signaling mecha- 
nisms downstream of Wnt receptor activa- 
tion that control this process. 

One key issue is the ability of localized 
Wnt3A to promote asymmetric division in 
other stem cells, including human ES cells. 
However, unlike in mouse ES cells, activat- 
ing Wnt—f-catenin signaling in human ES 
cells inhibits self-renewal and promotes 
differentiation (5, 6). This difference may 
reflect a closer resemblance of human ES 
cells to the mouse epiblast state, a slightly 
later developmental stage (7). Habib et al. 
show that the daughter cell distal to the 
Wnt3A bead adopted hallmarks of epiblast 
fate and had less B-catenin protein (reflect- 
ing less Wnt signaling). Genetic methods 
have been used to revert human ES cells to a 
more naive state (7), thereby creating a trac- 
table model for comparing localized Wnt 
activation in mouse and human ES cells. 
In addition to ES cells, other types of stem 


cells may respond to localized Wnt activ- 
ity. Induced pluripotent stem cells, intesti- 
nal stem cells of the colon crypt, and hair 
follicle stem cells also use Wnt—B-catenin 
signaling to balance pluripotent and differ- 
entiated states (2, 3, S). It will be interest- 
ing to assess whether Wnt3A beads can also 
induce asymmetric division in these cells. 
What are the mechanisms by which local- 
ized Wnt3A stimulation leads to asymmet- 
ric inheritance of Wnt pathway components 
and pluripotency proteins? One possibility 
is that Wnt3A beads activate local signaling 
through Wnt receptor clustering. “Signalo- 
somes” (or multiprotein complexes involved 
in transducing a signal) have been detected in 
cells treated with Wnt3A (9). Wnt pathway 
components, including LRP6, Dishevelled, 
Frizzled, and AP2-clathrin, are found in Wnt- 
mediated LRP6 signalosomes (9, /0). How- 
ever, signalosome formation does not require 
LRP6 (//), unlike downstream B-catenin 
activation. This implies that additional sig- 
naling mechanisms exist. Studies on inver- 
tebrates support this hypothesis. In the worm 
Caenorhabiditis elegans, mutations in Wnt 
pathway genes—e.g., Wnt/mom-2, Frizzled/ 
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mom-5, and Dishevelled/dsh-2/mig-5—lead 
to defects in mitotic spindle orientation and 
cell fate specification of blastomere and 
other cell types (//). Normally in these cells, 
the homolog of the transcription factor that 
binds to B-catenin, TCF/pop-/, is asymmet- 
rically enriched in one daughter cell. How- 
ever, mutations in TCF/pop-1 itself disrupt 
cell fate determination but have no effect on 
orientation of the mitotic spindle, indicating 
that Wnts act through a transcription-inde- 
pendent mechanism for initial cell polariza- 
tion (//). Habib et al. did not assess TCF- 
family members in mouse ES cells nor per- 
form loss-of-function studies for B-catenin 
or TCF. Thus, it is unknown whether there 
is a transcriptional requirement for the abil- 
ity of Wnt3A to polarize ES cells. There 
are notable differences in the biochemi- 
cal details between the vertebrate Wnt— 
B-catenin pathway and the C. elegans Wnt 
asymmetry pathway (/2). It remains to be 
determined whether any aspects of this sig- 
naling are evolutionarily conserved. 
Another possible mechanism of Wnt- 
dependent asymmetry involves the interac- 
tion between the canonical Wnt—B-catenin 
signaling pathway and the Wnt-planar cell 
polarity (Wnt-PCP) signaling pathway, 


which can polarize cells (3). Wnts that 
affect Wnt-PCP signaling, such as Wnt5A, 
can antagonize Wnt—B-catenin signaling 
(14). Habib et al. found no effect of Wnt5A 
beads alone; however, when dividing ES 
cells were bathed in Wnt5A, the ability of 
Wnt3A beads to promote asymmetry was 
inhibited. As cells in vivo are often exposed 
to multiple different Wnts, it will be infor- 
mative to characterize the behavior of ES 
cells exposed to multiple beads with differ- 
ent Wnts acting through the Wnt—PCP and 
Wnt-—B-catenin pathways. Alternatively, 
recapitulating Wnt3A-mediated asymme- 
try with microfluidic gradients (/5) would 
make it possible to examine cell behavior in 
antiparallel or orthogonal concentration gra- 
dients of Wnts with opposing activities. 

The study of Habib et al. is a modern 
response to questions posed by develop- 
mental biologists since the late 1800s and 
early 1900s regarding spatial asymmetries 
in informational molecules. Even after 30 
years of study, molecular details of Wnt sig- 
naling are still being uncovered. Indeed, on 
page 1436 of this issue, Cruciat et al. (16) 
identify an RNA helicase (DDX) as part of 
the Wnt pathway, and on page 1441, Huang 
et al. (17) report that an enzyme (receptor 
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interacting protein kinase 4) interacts with 
a Wnt receptor to control signaling. As 
our understanding of Wnt signaling keeps 
expanding, and experimental approaches 
to dissect the details improve, manipulating 
the Wnt pathway as an effective treatment 
for disease may become a greater possibility. 


References 
1. N. Perrimon, C. Pitsouli, B. Z. Shilo, Cold Spring Harb. 
Perspect. Biol. 4, a005975 (2012). 
2. J. Schuijers, H. Clevers, EMBO J. 31, 2685 (2012). 
3. E. Fuchs, T. Chen, EMBO Rep. 14, 39 (2013). 
4. S.J. Habib et al., Science 339, 1445 (2013). 
5. D. ten Berge et al., Nat. Cell Biol. 13, 1070 (2011). 
6. K.C. Davidson et al., Proc. Natl. Acad. Sci. U.S.A. 109, 
4485 (2012). 
7. J. Hanna et al., Proc. Natl. Acad. Sci. U.S.A. 107, 9222 
(2010). 
8. A. Marson et al., Cell Stem Cell 3, 132 (2008). 
9. J. Bilié et al., Science 316, 1619 (2007). 
10. |. Kim et al., J. Cell Biol. 200, 419 (2013). 
11. T. D. Walston, J. Hardin, Semin. Cell Dev. Biol. 17, 204 
(2006). 
12. B.M. Jackson, D. M. Eisenmann, Cold Spring Harb. 
Perspect. Biol. 4, a007948 (2012). 
13. R.S. Gray, |. Roszko, L. Solnica-Krezel, Dev. Cell 21, 120 
(2011). 
14. M.A. Torres et al., J. Cell Biol. 133, 1123 (1996). 
15. E. Cimetta et al., Lab Chip 10, 3277 (2010). 
16. C.M. Cruciat et al, Science 339, 1436 (2013); 
10.1126/science.1231499. 
17. H.-D. Huang et al., Science 339, 1441 (2013); 
10.1126/science.1232253. 


10.1126/science.1236641 


APPLIED PHYSICS 


Robotic Walking in the Real World 


Melany L. Hunt 


ovement of robots over rough or 
unstable terrain is an outstand- 
ing challenge, especially for tasks 


such as remote planetary exploration, but 
animals manage such locomotion tasks 
every day. For example, in a natural envi- 
ronment, a lizard can traverse a sandy or 
pebbled surface in such a way that its limbs 
can push and move individual grains, which 
allow its limbs to penetrate beneath the sur- 
face of the loose layer. On page 1408 of this 
issue, Li et al. (1) present experiments and 
modeling of a biologically inspired, six- 
legged robotic device that was designed to 
move efficiently across a bed of dry, loose 
granular material. Based on the mechanics 
data, simulations were developed to identify 
designs that maximized walking speed. 

The authors quantified the effect of the 
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limb intrusion by measuring the lift and 
drag forces on a simulated leg (a small rigid 
plate) as it entered and was extracted from 
loose surfaces at different orientations to the 
granular surface. In the current experiments, 
flat beds of glass beads or poppy seeds were 
used. These measured forces were used to 
model the stresses, given the assumption 
that the stress was linearly dependent on 
depth within the layer and independent of 
the speed of intrusion. 

The authors then used the stress rela- 
tions to compute the forces, the overall 
movement, and the forward speed versus 
time of their robot. These simulations were 
then compared with experimental measure- 
ments for a range of stride frequencies and 
differing leg shapes. From their simula- 
tion methodology, the authors note that the 
design of the robotic legs can be optimized 
for speed—in this case, a maximum speed 
of 72 cm/s for a forward C-shaped leg at a 
stride frequency of 5 Hz. 


Published by AAAS 


Studies of the mechanical stresses on plates 
moving through loose materials were used 
to simulate and optimize robot locomotion 
over soft ground. 


This field of research is often described 
as terramechanics, the study of vehicle per- 
formance relative to its terrain (/—3). Terra- 
mechanics includes the locomotion of small 
robots (J, 4) and lizards (5), as well as the 
transport of off-road vehicles (2, 3), tractors, 
military tanks, the Lunar Roving Vehicle 
(LRV) used in Apollo missions in the early 
1970s (6), and martian rovers, including the 
Mars Exploration Rovers (MER) launched 
in 2003 (7) and the Mars Science Laboratory 
(MSL) that landed in August 2012 (8). The 
work by Li et al. used the term “terradynam- 
ics” to emphasize the potential movement of 
the deformable terrain. 

In terramechanics or terradynamics, the 
vehicle locomotion depends critically on the 
transmission of forces between the deform- 
able terrain and the wheels, tracks, or legs 
of the vehicle. As illustrated by Li et al., the 
mathematical relations for the forces are 
often unknown and depend on the local state 
of the granular material, the properties of the 
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grains, and the deformation rate (or speed of 
the intrusion) of the material. This study and 
others have demonstrated that the vehicle 
performance in terms of energy efficiency 
and speed depends critically on the terrain 
properties (2—4, 9). The terrain conditions 
may also prohibit vehicle motion, as was the 
case with the MER rover Spirit that ended 
its 6-year, 7.7-km journey across a rich vari- 
ety of martian topography when it breached 
a thin surface crust and became embedded in 
underlying loose soil (/0). 

Early developments in terramechanics 
are often credited to the work by Bekker (2). 
His 1960 text on off-road locomotion began 
with a figure showing the vehicle power per 
weight as a function of locomotion speed. 
Similar information based on the dimen- 
sionless specific power, €, is shown in the 
figure. As was done in the original figure by 
Bekker, the figure here includes the Gabri- 
elli-von Karman line, which was first pre- 
sented in 1950 as an empirical fit of the best 
performance (lowest €) for a range of vehi- 
cles (air, water, and ground) and speeds (/0). 
Unlike the original Gabrielli-von Karman 
plot, Bekker’s figure included animals and 
off-road vehicles to emphasize that vehicles 
and creatures traversing sands and soils have 
lower performance than when operating on 
hard, flat surfaces. 

The figure includes data for pedestri- 
ans, horses, cars, and buses from Gabrielli 
and von Karman (//) and updated by Yong 
et al. (12); in addition, the figure presents 
measurements of the specific mechani- 
cal power of a walking lizard (5); the mea- 
sured specific power for hexopod robots on 
a flat frictional and rough surfaces (4); and 
the specific power of the LRV and the MER 


and MSL rovers based on electrical power, 
loads, and speeds (6-8). Overall, the per- 
formance of our machines does not match 
that of the walking animals. Hence, a bet- 
ter understanding of the underlying terrain 
such as that provided by the study by Li er 
al. may improve the performance of roving 
and walking robots. 


Getting over the ground. The figure compares the 
dimensionless specific power ¢, the vehicle power 
normalized by a product of the gross weight and the 
speed, with locomotion speed. The Gabrielli-von 
Karman line is an empirical fit of best performance 
data. Walking machines are still outperformed by 
animals, but the analysis by Li et al. may help in 
efforts to improve robot locomotion. 
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MEDICINE 


Spatial Turn in Health Research 


Douglas B. Richardson,' Nora D. Volkow,? Mei-Po Kwan,; Robert M. Kaplan,’ 


Michael F. Goodchild,’ Robert T. Croyle® 


Developments in geographic science and technology can increase our understanding of disease 


prevalence, etiology, transmission, and treatment. 


patial analysis using maps to associ- 
ate geographic information with dis- 
ease can be traced as far back as the 
17th century. Today, recent developments 
and the widespread diffusion of geospatial 
data acquisition technologies are enabling 
creation of highly accurate spatial (and tem- 
poral) data relevant to health research. This 
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has the potential to increase our understand- 
ing of the prevalence, etiology, transmission, 
and treatment of many diseases. 

New approaches in geography and 
related fields, capitalizing on advances in 
technologies such as geographic informa- 
tion systems (GIS), the Global Positioning 
System (GPS), satellite remote sensing, and 
computer cartography, are often referred to 
collectively as geographic information sci- 
ence (/, 2). GPS and related systems make 
it possible to integrate highly accurate geo- 
graphic location and time with virtually 
any observation. GIS provides the means 
to store, share, analyze, and visualize real- 
time and archived spatial data. It also per- 
mits the integration of multiple layers of 
interdisciplinary spatial data, such as health, 
environmental, genomic, social, or demo- 
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graphic data, for interactive spatial analysis 
and modeling. 

Spatial and spatiotemporal statisti- 
cal methods (3), such as multilevel analy- 
sis, spatial data mining, and agent-based 
modeling, provide ways of relating health 
and disease to specific genetic, epigenetic, 
and environmental factors (4). The density, 
accuracy, and specificity of current geospa- 
tial data also facilitate sophisticated spa- 
tial and spatiotemporal analysis and the 
modeling of complex spatial health pro- 
cesses at the level of the individual rather 
than the aggregate (5, 6) (see the figure). 
Research based on data-intensive real- 
time GPS/GIS methods with miniaturized 
“wearable” environmental and biomedical 
monitors is generating advances in expo- 
sure assessment, as well as in mobility and 
obesity studies (7). In addition to individual 
interventions, this research can lead to out- 
comes such as the design of healthier envi- 
ronments, which enhance access to parks 
and quality foods, and better treatment 
programs for a wide range of health condi- 
tions, from asthma to diabetes. 

GIS visualization and analytical tools 
also enable researchers to identify spatial 
patterns and to model specific processes 
of disease diffusion or contagion, such as 
of pandemic influenza viruses, or evolving 
genetic strains of hepatitis or tuberculosis. 


Researchers have integrated patient demo- 
graphics, daily activities, and HIV viral 
concentrations to map and model chang- 
ing spatial patterns of HIV infections and 
their relationships to health care treatment 
programs (8), or to social risk factors (9). 
Researchers have also used GIS data, spatial 
statistics, and interactive mapping to iden- 
tify HIV concentration hotspots near the 
Mexico-U.S. border (/0). This kind of GIS- 
based analysis enables proactive and timely 
delivery of tailored prevention and treat- 
ment strategies, such as HIV testing, antiret- 
roviral therapy intervention, and education 
to the affected communities. 

Geospatial data on health and social 
environments have also been used to provide 
information about health disparities. Using 
GIS-based ethnic density measures and spa- 
tial data on mothers’ residential locations, 
a recent study of infant health inequalities 
among Bangladeshi immigrant women in 
New York City found that their infants were 
most vulnerable to poor health outcomes, 
such as low birth weight, when living either 
in very isolated settings or in areas of the 
highest ethnic density (//). 

With real-time interactive GPS/GIS 
functionality (72) now increasingly embed- 
ded in cell phones and low-cost navigation 
and other mobile devices, individual citizens 
also are contributing to the flow of health- 
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Exposure assessment with GPS/GIS data of individuals. Life paths of individuals collected with GPS/GIS 
methods can provide more accurate assessment of exposures to environmental or social risk factors when 
integrated with detailed GIS data about the spatial and temporal variations of these risk factors (20). Life 
paths of individuals are shown as trajectories that unfold along the vertical axis, which represents time; the 
bottom horizontal plane represents the spatial extent and transportation network of the study area. The green 
and orange horizontal planes illustrate the spatial distribution of risk factor concentrations (e.g., traffic- 
related air pollution, carcinogenic substances, liquor stores) for two time points. 
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related geospatial data. These activities are 
variously referred to as participatory GIS, 
crowdsourcing, or volunteered geographic 
information (/3). Despite unresolved issues 
of privacy and quality assurance, the ability 
to access georeferenced data from millions 
of people could be transformative. 

For example, by analyzing data from 
15 million mobile-phone subscribers, 
Wesolowski et al. (14) could examine the 
complex interactions between human and 
animal movements and the spread of malaria 
in Kenya. From Japan to California, volun- 
teers with GPS-enabled real-time air-quality 
monitoring systems are assessing exposures 
to air pollution and radiation at spatial res- 
olution levels and data densities not previ- 
ously feasible (75). 

Better institutional and educational mod- 
els for successfully integrating the spatial 
dimension into health research and prac- 
tice are needed to achieve the full benefits 
of these new capabilities in a timely man- 
ner (/6, 17). There is also an urgent need 
for the creation of distributed, interopera- 
ble spatial data infrastructures to integrate 
health research data across and within dis- 
parate health research programs. In addition 
to fostering standards and scientific access, 
such large-scale spatial data infrastructures 
are themselves powerful new resources for 
generating and testing hypotheses, detect- 
ing spatial patterns, and responding to 
health threats. 

Ongoing collaborations between the 
NIH and the Association of American 
Geographers are addressing key techni- 
cal and institutional challenges (e.g., stan- 
dards, interoperability, common terminol- 
ogy, data confidentiality) to facilitate the 
generation, coordination, and use of the 
rapidly growing body of geospatial health 
data (78). Research agendas that systemati- 
cally incorporate spatial data and analysis 
into global health research hold extraordi- 
nary potential for creating new discovery 
pathways in science (/9). 
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CELL BIOLOGY 


Dynamin Flexibility Drives Fission 


Ronald W. Holz 


n unresolved issue in cell biology 
concerns the mechanisms by which 
lipid bilayers remodel in fission and 
fusion reactions in vesicular trafficking path- 
ways. An important step in understanding 
comes from the report by Shnyrova et al. on 
page 1433 of this issue (/), which investigates 
the mechanism by which the dynamin gua- 
nosine triphosphatase (GTPase) catalyzes fis- 
sion when bound to lipid tubes in vitro. 
Dynamin has an established role as a 
master controller of fission during endo- 
cytosis. It forms a helical ring around the 
necks of budding endocytic vesicles (see the 
figure, panel A), triggering increased GTP 
hydrolysis and membrane remodeling lead- 


A 


Dynamin dimer 


insert ae 
Dynamin scaffold 


ing to fission. Although its function in situ 
is regulated through interaction with numer- 
ous proteins, dynamin alone is sufficient to 
catalyze fission in vitro. Dimeric dynamin 
(panel A, inset) binds through its pleckstrin 
homology (PH) domains to the phospholipid 
PIP, (phosphatidylinositol 4,5-bisphos- 
phate) in lipid membranes (2) and reshapes 
bilayers into narrow tubes. Dynamin also 
has a strong affinity for preformed, highly 
curved PIP,-containing membranes, per- 
mitting assembly of spiral bands of dyna- 
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Clathrin 


min dimers with 12 to 13 dimers per turn. 
Interactions between neighboring rungs 
stimulate a large increase in GTPase activ- 
ity, which is required for fission and causes 
scaffold disassembly. 

Various structural changes in dynamin 
assemblies have been suggested to explain 
how GTP hydrolysis stimulates fission (3, 
4). However, the micrometer-long dynamin 
scaffolds used in these studies could lead to 
cooperative interactions that may not occur 
in the much shorter assemblies at the fis- 
sion neck during endocytosis (see the fig- 
ure, panel A). To overcome this problem, 
Shnyrova et a/. measured the conductance 
of the aqueous lumen of dynamin scaffolds 


PH 


Fission 


with physiologically relevant lengths of less 
than 100 nm on lipid nanotubes 80 to 250 
nm in length. 

The measurements revealed the inter- 
mediates before fission with high precision 
and millisecond time resolution and allowed 
detection of the very shortest of dynamin 
assemblies. When no GTP was present, 
dynamin caused stepwise decreases in con- 
ductance without fission, whereas when GTP 
was present, dynamin caused a fluctuating 
conductance that ultimately led to fission. 
From the conductance changes upon addi- 
tion of dynamin, the authors infer a lume- 
nal diameter of the squeezed nanotube of 


A study of short dynamin assemblies provides 
clues to the mechanism of cellular fission. 


3.8 nm (see the figure, panel B), comparable 
to the thickness of the hydrophobic core of 
the bilayers (4 nm). This estimate is consis- 
tent with previous work and indicates that in 
the absence of GTP, the energy arising from 
dynamin assembly on the nanotube stabilizes 
the highly stressed lipids but cannot over- 
come the hydration barrier to fission (5). 

The conductance measurements also 
revealed that the minimal dynamin scaffold 
that supports fission had a length of 20 nm. 
Because the pitch of the dynamin helix is 
~12 nm, fission requires only two or three 
dynamin rungs. This length is sufficient to 
permit interaction of adjacent rungs to stim- 
ulate GTPase activity. 


GTP hydrolysis—PH 
domain tilting 


Boas oO Hemifusion 
Dynamin assembly 
into short scaffold 
with narrow lumen 


Separated 
endocytic 
vesicle 


Vv) 


Energy 


Catalytic function of dynamin in fission. (A) 
Emerging clathrin-coated vesicle with a two-rung 
dynamin scaffold. The GTPase domains from adja- 
cent rungs interact to greatly increase GTP hydro- 
lysis, which is required for fission. (Inset) Dynamin 
dimer. (B) Sequence of events leading to fission 
[from fig. S10 in (1)]. Dynamin assembly constricts 
lipid neck (I). GTP hydrolysis causes flexibility in the 
short scaffold, resulting in tilting of the inserted PH 
domain (II-IV) as the combined scaffold-lipid sys- 
tem finds its lowest energy as a hemifusion stalk 
(IV). Fission spontaneously occurs from the hemifu- 
sion intermediate (V). (C) Energy landscape of the 
lipid tube during catalysis of fission by dynamin (2). 
Roman numerals refer to intermediates; the dashed 
line indicates the new energy landscape during 
GTPase hydrolysis. 
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Ten percent of fission events were pre- 
ceded by brief excursions to zero conduc- 
tance, indicating reversible closing of the 
already narrow tube. The rapid fluctuations 
reflect the catalytic function of dynamin to 
reduce the kinetic barrier between the open 
and closed tube (see the figure, panel C). 
These fluctuations are much too rapid for 
disassembly of the dynamin scaffold (6). 
Because the closed state is nonconduct- 
ing and reversible, the authors suggest that 
the flickering reflects transitions between a 
highly constricted but conducting neck and 
a metastable hemifission stalk (see the fig- 
ure, panel B) (5, 7). Full fission occurs when 
the hemifission intermediate separates into 
unconnected bilayers. 

How does dynamin catalyze the tran- 
sition of the lumenal hydrated polar head 
groups to a hemifission stalk? Shnyrova et 
al. found a clue when they studied a dyna- 
min construct with a mutation in the hydro- 
phobic membrane-inserting variable loop 
1 of the PH domain. The mutant behaves 
similarly to the wild type, forming narrow 
nanotubes and short, dynamic scaffolds 
in the presence of GTP. However, in con- 


trast to wild-type protein, the mutant did 
not support fission of nanotubes containing 
low PIP, concentrations. Insertion into and 
deformation of the outer monolayer leaflet 
is thus likely to be a central feature of the 
catalytic pathway. 

The critical fission intermediate is nei- 
ther purely lipidic nor purely proteinaceous 
but a combination of the two. Modeling 
indicates that if the assembled dynamin 
scaffold becomes sufficiently flexible to 
allow tilting of the inserted PH domains, 
the combined scaffold-lipid system relaxes 
to its lowest energy and thereby reduces 
the energy barrier to a hemifission stalk. 
This concept contradicts previous notions 
that GTPase activity applies force to fur- 
ther squeeze the lipid tube. Increased scaf- 
fold flexibility could result from hydroly- 
sis-dependent conformational changes (5) 
occurring stochastically among the ~12 
activated GTPases along a single scaf- 
fold rung. It is also favored by continu- 
ous GTPase activity, which prevents long 
assemblies. The importance of scaffold 
flexibility for membrane fission requires 
experimental verification. 


PERore LIVES 


Flickering also occurs not only in fission 
but also during fusion between the narrow 
conducting neck of the initial fusion pore 
and a zero conductance state (9). The similar 
geometries of the fusion pore and the fission 
neck suggest similar catalytic principles. In 
fact, dynamin may also play a role in secre- 
tion. It can stabilize the initial fusion pore 
(70) and could conceivably lower the transi- 
tion barrier to a hemifusion state. 


References and Notes 

1. A.V. Shnyrova et al., Science 339, 1433 (2013). 

2. S.M. Sweitzer, J. £. Hinshaw, Cell 93, 1021 (1998). 

3. S.M. Ferguson, P. De Camilli, Nat. Rev. Mol. Cell Biol. 
13, 75 (2012). 

4. S. Morlot et al., Cell 151, 619 (2012). 

5. P|. Kuzmin, J. Zimmerberg, Y. A. Chizmadzhey, F. S. 
Cohen, Proc. Natl. Acad. Sci. U.S.A. 98, 7235 (2001). 

6. R. Ramachandran, S. L. Schmid, EMBO J. 27, 27 (2008). 

7. Y. Kozlovsky, L. V. Chernomordik, M. M. Kozlov, Biophys. 
J. 83, 2634 (2002). 

8. J.S. Chappie et al., Cell 147, 209 (2011). 

9. A. Albillos et al., Nature 389, 509 (1997). 

10. A. Anantharam et al., Mol. Biol. Cell 22, 1907 (2011). 


Acknowledgments: Supported by NIH grant R21-NS073686. 
| thank M. A. Bittner and A. Ngatchou-Weiss for helpful 
discussions. 


10.1126/science.1236005 


PLANETARY SCIENCE 


Probing an Extrasolar Planet 


Mark S. Marley 


ith about 3000 known and can- 

didate planets, and the pace of 

discovery increasing, the era of 
exoplanets is well into its golden age. Dis- 
coveries by the Kepler mission and numer- 
ous ground-based surveys have spawned 
statistical surveys of bulk planet occurrence 
rates, masses, and sizes, and provide insight 
into planet formation processes. However, 
the gold standard for exoplanet character- 
ization—spectra of light that has interacted 
with a planet’s atmosphere—remains elu- 
sive. Reliable spectra have been obtained 
for only a handful of planets, either at low 
spectral resolution or over narrow wave- 
length ranges. More numerous broadband 
photometric observations seldom uniquely 
identify specific atmospheric constituents, 
and such data are usually open to multiple 
interpretations. On page 1398 of this issue, 
Konopacky et al. (/) report the highest- 
quality spectrum yet obtained for any extra- 
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solar planet, providing firm constraints on 
the atmospheric composition of the directly 
imaged young gas giant planet HR 8799c. 

Although the atmospheres of the giant 
planets in our solar system are predomi- 
nantly composed of hydrogen and helium, 
they are enriched relative to the Sun in ele- 
ments heavier than helium. The atmosphere 
of Jupiter, which was directly sampled by 
the Galileo entry probe, is enhanced in car- 
bon, nitrogen, and sulfur by about a factor 
of 3 over solar abundance (2). Less massive 
Saturn is enhanced in carbon by a factor of 7 
(3), and there are hints from measurements 
of transiting planets that such enhancements 
of heavy elements are also typical for extra- 
solar giant planets (4). The two most popular 
giant planet formation mechanisms—core 
accretion and gravitational instability— 
make different predictions for atmospheric 
elemental abundances. The enhancements 
of specific elements thus provide a finger- 
print of the planet formation process. 

The particular molecule within which 
an atom, such as carbon, is found depends 
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High-resolution spectroscopic observations 
of the atmosphere of an exoplanet provide 
constraints on its origin. 


on the local temperature and pressure con- 
ditions. Equilibrium chemistry predicts 
that carbon in the atmosphere of Jupiter or 
a warm extrasolar planet should be found 
as CH,. It has long been known, however, 
that atmospheric mixing (5) delivers car- 
bon as excess CO from Jupiter’s deeper 
and warmer layers to the observable atmo- 
sphere. Similar disequilibrium excesses 
of CO and N,—resilient molecules found 
at high-temperature, high-pressure condi- 
tions—are also known in the atmospheres 
of brown dwarfs (6). 

Spectroscopy, by measuring the abun- 
dance of molecules, thus helps to reveal 
both ancient planetary origins and modern 
atmospheric dynamics. But high-quality 
spectral observations for extrasolar planets 
have so far been sparse. The best available 
data have been for the transiting hot Jupiters 
HD 209458b and HD 189773b, for which 
a few atomic species and molecules have 
been reported (7—9). However, photochem- 
ical processes and planetary winds seem 
to dominate these highly irradiated atmo- 
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Atmospheric mixing. Conceptual views of the atmo- 
spheres of HR 8799c, a more massive brown dwarf, 
and the colder Jupiter. The composition of major 
cloud layers and the principal C-bearing molecules 
are noted; CO serves as a tracer of atmospheric mix- 
ing. Dotted lines denote approximate depth of the 
visible atmosphere. Vigorous vertical updrafts likely 
contribute to both the observed thicker cloud layers 
and the apparent overabundance of CO in the warm 
exoplanet atmosphere. 


spheres, making the retrieval of atmospheric 
composition for these planets difficult and at 
times controversial. Because transiting plan- 
ets in small orbits are the least difficult to 
characterize, questions of atmospheric com- 
position and mixing and of planetary origin 
are unlikely to be systematically addressed 
solely by the known transiting planets. 
Directly imaged planets, in contrast, 
are detected much farther from their pri- 
mary stars, typically at a distance of tens 
of astronomical units with today’s technol- 
ogy. Because they appear as distinct points 
of light, their spectra can be individually 
obtained, without need of a differential mea- 
surement to pull a spectral line out of an 
overwhelmingly bright stellar spectrum. The 
best-studied directly imaged planets are the 
four young gas giants orbiting the nearby A 
star HR 8799 (10, 11). These planets have 
masses in the range of 5 to 10 Jupiters. 
But data for these objects have been lim- 
ited mostly to broadband photometry and 
low-resolution spectra (12, 13). Konopacky 
et al. used adaptive optics and an integral 
field spectrograph on the Keck II telescope, 
which records a near-infrared spectrum at 
each pixel, to obtain a high-quality spectrum 
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of planet c, the brightest of the four. The 
spectrum is the best ever obtained for any 
exoplanet and rivals that typically acquired 
on solar system planets not long ago. 

The spectrum of HR 8799c reveals indi- 
vidual spectral features of both H,O and 
CO. Methane, which was expected at the 
atmospheric temperatures inferred for this 
planet, is not seen despite a strong spectral 
feature lying in this bandpass. With both 
H,O and CO detected, Konopacky ef al. are 
able to estimate the bulk atmospheric car- 
bon-to-oxygen ratio and find that it differs 
from that of the primary star, which leads 
them to speculate that the planet was most 
likely formed by core accretion rather than 
gas instability. This interpretation is still 
somewhat uncertain, but similar direct mea- 
surements for many such directly imaged 
planets will shed light on the planet forma- 
tion process. 

Furthermore, the lack of detectable CH, 
implies that vertical mixing must strongly 
affect the atmosphere of the young exoplanet 
by delivering CO to observable layers and 
removing methane (see the figure). There are 
also indications that iron and silicate cloud 
layers, which were widely expected to have 
dissipated by such temperatures, are none- 
theless present in the planet’s atmosphere. 
Strong vertical mixing may thus both thicken 
and preserve the clouds (/3) and alter the 
expected carbon chemistry (/2). 

These new observations herald the era 
of characterization of the atmospheres of 
directly imaged extrasolar planets. The 
Gemini Planet Imager destined for the 
Gemini telescope (/4) and the SPHERE 
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coronagraph headed to Europe’s Very Large 
Telescope (/5) will obtain spectra for doz- 
ens of young giant planets on a variety of 
orbits encircling stars of varying ages, com- 
positions, and spectral types. NASA is cur- 
rently studying space-based coronagraphs 
that will be capable of imaging and char- 
acterizing older, colder, and more solar sys- 
tem-like giant planets in reflected light. By 
measuring atmospheric abundances for a 
diversity of planets other than those roast- 
ing in the overpowering light of their pri- 
mary stars, it will be possible to constrain 
atmospheric composition, vertical mixing, 
cloud dynamics, and, most important, for- 
mation mechanisms for entire classes of 
extrasolar planets. 
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GEOPHYSICS 


Characterizing Giant Landslides 


David N. Petley 


the Geological Survey of Switzerland, 

Albert Heim, described the massive 
landslide that in 1881 buried the Swiss town 
of Elm, with the loss of 115 people (/). Heim 
proposed that this landslide represented a 
hitherto unknown type of very large, fast 
mass movement. The deposits from such 
landslides—now generally called rock ava- 
lanches—have been found in all high moun- 
tain areas around the world. On page 1416 of 
this issue, Ekstr6m and Stark (2) introduce a 
technique for the detection and characteriza- 
tion of rock avalanches that uses the global 
seismic monitoring network. 

Rock avalanches typically start when a 
large block of rock becomes detached from 
a near-vertical cliff face. The detached mass 
descends to the base of the slope through 
rapid sliding or freefall. It then transitions 
into a cohesionless avalanche of rock debris 
that moves very rapidly (often faster than 50 
m/s) downslope. Rock avalanches can travel 
over very long distances and are extremely 
destructive. The 2002 Kolka rock avalanche 
in Russia traveled 19 km and claimed 125 
lives before it was stopped by a valley con- 
striction (3). Furthermore, large rock ava- 
lanches often block river val- 
leys, leading to the formation 
of large lakes that can cause 
devastating debris flows and 
floods when the dam breaks. 

Since Heim’s work, the 
deposits of more than 300 rock 
avalanches have been docu- 
mented (4). The mapped rock 
avalanches are likely to be a 
small proportion of the total 
number of events in global 
mountain chains. However, 
cataloging of very large ter- 
restrial landslides has relied on 
manual identification of land- 
slide deposits, which is time- 
consuming and unsystematic. 

In recent years, examina- 
tion of records from seismic 
stations close to large landslide 
events has suggested that these 
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events generate distinctive seismic signals 
(5-7). Can the global seismic network be 
used to detect the occurrence of rock ava- 
lanches in real time? 

Ekstr6m and Stark introduce a tech- 
nique that shows that this is indeed viable. 
Using a dataset of 29 known very large land- 
slides, they have developed an event-detec- 
tion algorithm that can highlight rock ava- 
lanche events worldwide. The technique 
detects hitherto unreported landslides (e.g., 
in remote areas of Alaska) and enables rapid 
reevaluation of reported events—for exam- 
ple, showing that a reported flood event in 
Nepal was caused by a large rock avalanche 
(see the figure). 

The technique currently overdetects 
large, fast landslides by an order of magni- 
tude, requiring considerable work, for exam- 
ple, with satellite imagery to filter out the 
false-positive events. Nevertheless, it opens 
the way to a true global catalog of rock ava- 
lanches that will advance understanding 
of the dynamics of high mountain areas. It 
may also enable the real-time detection of 
large, valley-blocking landslides, providing 
a warning system for vulnerable communi- 
ties downstream. 
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Analysis of global seismic data helps to 
catalog rock avalanches and understand 
how they form. 


However, the technique’s potential 
extends well beyond the spatiotempo- 
ral mapping of very large, fast landslides. 
Many controlling characteristics of rock 
avalanches remain unclear. In particular, the 
travel distances of very large landslides are 
often larger than classical mechanics would 
suggest (8), leading to the suggestion that 
some additional factor operates in these sys- 
tems that does not operate in smaller mass 
movements (9). However, there remains 
considerable controversy about how this 
long travel distance can be achieved (8). 

The great challenge in determining 
the mechanisms of rock avalanches lies in 
measuring and reproducing their dynam- 
ics. Rock avalanches are unpredictable and 
short-lived, making it difficult to capture 
data during such events. Furthermore, the 
high levels of energy involved means that 
the instruments usually used to collect land- 
slide data would be destroyed. Considerable 
work has been undertaken to analyze rock 
avalanche deposits (/0). However, they typi- 
cally cover large areas to depths of up to 100 
m, requiring large and expensive drilling and 
geophysical explorations. In addition, the 
deposits tend to capture processes that occur 


Complex dynamics. Satellite images taken on 13 March 2012 (left) and 5 February 2013 (right) illustrate the scale and 
complexity of the Mount Dixon landslide in Aoraki/Mount Cook National Park, New Zealand on 21 January 2013. The land- 
slide fell ~500 m from the near-vertical source before fragmenting into a rock avalanche in the impact zone. Video footage 
taken by a climber suggests that the initial motion was a very rapid rock avalanche, which left almost no deposit while trav- 


eling over the glacier. In the lower track, some deposition is seen. At the end of the lower track, the landslide transitioned 
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into a sliding phase and started to deposit, eventually stopping after ~3 km. Until now, interpreting these distinct phases 
of motion could only be undertaken through analysis of the deposits. The techniques introduced by Ekstrom and Stark allow 
direct analysis of the mechanisms. 
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at low velocities, not during the rapid phase 
of movement (see the figure). Knowledge of 
these landslides therefore lags behind that of 
most other geological hazards. 

Through analysis of several seismic 
records from their rock avalanche data set, 
Ekstr6ém and Stark have generated an instru- 
mental data set that records the nature of 
motion during these events. At this stage the 
analysis is fairly simple, relying on a set of 
basic assumptions about the nature of the 
landslide motion. There is little doubt that 
these types of analyses will become more 
mature. However, even the initial study pro- 
vides important insights. 

First, Ekstr6m and Stark have ana- 
lyzed a large rock avalanche on the flanks 
of the Siachen Glacier in northern Paki- 
stan in September 2010. Such a landslide 
would normally be analyzed with satel- 
lite imagery. In this case the morphol- 


ogy of the deposit would suggest that the 
event occurred in one or two stages. How- 
ever, the seismic data analysis shows that 
it occurred as seven large landslides over 
4 days, explaining why the debris traveled 
a relatively short distance for a rock ava- 
lanche event of this volume. 

Second, the quantitative measurements 
extracted from the seismic data for the land- 
slides provide key insights into the mecha- 
nisms controlling their motion at differ- 
ent phases of the event. In the case of rock 
avalanches traveling across glaciers, there 
is a prolonged phase in which the rate of 
energy dissipation is so low that no mea- 
surable seismic signal is generated. This 
suggests that—as other recent studies have 
also found (//)—multiphase flows or pas- 
sage over low-friction surfaces such as ice 
or smooth bedrock may be important factors 
in the generation of long-runout landslides. 


More than a century after the pioneering 
work of Heim, it is now possible to start to 
elucidate the dynamics of these large and 
fast landslide systems. With high mountain 
areas being increasingly used by humans, 
this is an important step. 
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DEVELOPMENTAL BIOLOGY 


A Transition in the Middle Ear 


Donna M. Fekete’ and Drew M. Noden? 


s a mammalian embryo develops, 
tubular tissues expand rapidly, often 
displacing resident mesenchymal 
cells, forming progressively enlarged areas 
such as the thoracic and abdominal cavities. 
Mechanistic explanations for such growth 
usually focus on cell proliferation and shape 
changes, or layering within the expanding 
tissue. On page 1453 of this issue, Thomp- 
son and Tucker (/) reveal that formation of 
the mammalian middle ear cavity is much 
more dynamic than thought, involving a pro- 
grammed rupture of the epithelium and its 
replacement by a completely different cell 
type. In identifying two distinct origins of 
the cells that line the middle ear cavity, the 
authors overturn a long-held tenet of human 
embryology in suggesting that the process 
may be unique to mammals, perhaps in asso- 
ciation with the evolution of the three mid- 
dle ear sound-conducting bones. 
The middle ear cavity forms in two phases 
(2, 3). Bilateral outgrowths of the oral cav- 
ity (the first pharyngeal pouches) extend into 
the future middle ear region. The pouches 
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become surrounded with mesenchyme com- 
posed primarily of neural crest cells, which 
migrate from the neural groove and arise 
by a process of epithelial-to-mesenchymal 
transformation. During a second expansion, 
the three small bones (ossicles) of the mid- 
dle ear, and the muscles and blood vessels 
associated with them, fully incorporate into 
the middle ear cavity. Aeration of the cav- 
ity allows the ossicles to freely move. The 
embryological connection between the mid- 
dle ear and oral cavities is retained in the 
adult as the auditory tube. 

This classical view of the embryologi- 
cal origin of the mammalian middle ear was 
deduced from static histological images and 
lineage tracing studies, primarily in birds. 
However, a 1959 report (4) that examined 
the mastoid sinuses of human fetuses and 
infants observed that the sinuses become 
lined with endothelial-like cells that differ- 
entiate in situ. Cells lining the auditory tube 
are columnar and ciliated, a feature common 
to many embryonic endodermal cells. By 
contrast, the middle ear epithelial cells are 
flat and lack cilia. It was argued that these 
epithelial cells likely share the same meso- 
dermal origin as those lining the sinuses, 
and must therefore go through a mesenchy- 
mal-to-epithelial transition. A rupture of 
the auditory tube would allow epithelia to 


A new view of mammalian middle ear 
development may prompt reconsideration 
of its evolution. 


directly contact mesenchymal populations 
and facilitate their merger into a contiguous 
epithelial sheet. However, this model never 
gained widespread acceptance. 

Thompson and Tucker resurrect the 1959 
model using modern cell fate-mapping 
techniques in the mouse to illustrate just 
such a dual origin of the middle ear epithe- 
lium, and define an unexpected alternative 
embryological origin for the nonciliated 
epithelial cells. They show that the upper 
(dorsal) half of the middle ear cavity is lined 
with epithelial cells arising from mesenchy- 
mal cells of neural crest origin, whereas the 
lower half and the auditory tube is lined 
with ciliated endodermal cells. At the tis- 
sue level, the cavitation of the middle ear 
is accompanied by negligible cell death and 
takes place in two successive steps rather 
similar to what was described in 1959 (4). 
The first pharyngeal pouch encroaches into 
the future middle ear region. Its roof then 
ruptures, and the exposed cavity fills with 
mesenchymal cells (see the figure). This 
temporary breach in the endoderm was also 
observed in the rat (5). The mesenchymal 
cells then retreat dorsally, reestablishing a 
cavity in the middle ear. During this pro- 
cess, which occurs postnatally in the mouse, 
mesenchymal neural crest cells transition 
into an epithelial phenotype and close the 
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Middle ear development. (A) Cells that contribute 
to the mammalian middle ear (schematic of mouse 
shown) include loose mesenchymal cells from the 
neural crest and mesoderm and endodermal cells 
lining the pharyngeal cavity. As the otic vesicle 
invaginates from the surface ectoderm (not shown), 
the first pharyngeal pouch pushes toward the body 
wall. (B) The tympanic membrane develops as a 
merger of endoderm, neural crest, and ectoderm 
cells. Neural crest cells coalesce to form precursors 
of the middle ear ossicles, followed by a rupture of 
the endoderm along the upper surface of the pha- 
ryngeal pouch. (C) Neural crest mesenchymal cells 
transform into epithelial cells that fuse with endo- 
derm to repair the lining of the cavity. The middle 
ear then fills with air through the auditory tube, its 
connection with the pharynx. 


roof of the cavity, but fail to become cili- 
ated. It is unclear whether mesenchymal 
cells first epithelialize by attaching directly 
to the ragged edge of the endodermal sheet, 
or instead epithelialize as small patches that 
must subsequently be stitched together. The 
latter process seems advantageous, given a 
need to also line and aerate the convoluted 
mastoid sinuses. By the time the process is 
completed, there is only modest intermin- 
gling between the bone fide oral endoderm 
and the crest-derived epithelia. The same 
sharpness of boundary is a characteristic of 
crest-mesoderm interfaces between carti- 
lages and bones elsewhere in the head. 
Perhaps the 1959 model faded because 
the standard textbook model of endodermal 
expansion, sans accounts of the rupture, was 
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based on the early stages of middle ear for- 
mation in mammals, from which the final 
outcome was extrapolated without exami- 
nation of critical intermediate stages. Also, 
middle ear cavitation in birds apparently 
does not require a breach in the endoderm 
(6), and lineage tracing of the neural crest 
populations in avian embryos failed to note 
any crest contribution to the middle ear ecto- 
derm (7, 8). It will be interesting to examine 
sites where ossicles directly abut other tis- 
sues. The stapes, which is homologous to the 
columella of birds and reptiles (9, /0), fuses 
with mesodermal chondroblasts that form its 
footplate (7), whereas the malleus contacts 
the endoderm-derived inner tympanic epi- 
thelium. The question is whether these ossi- 
cles become encased through primary cavity 
expansion or the secondary remodeling pro- 
cess that Thompson and Tucker document. 
Mesenchymal-to-epithelial transitions 
occur frequently during embryogenesis, 
with examples found during somitogene- 
sis and vasculogenesis. Yet, the cellular and 
molecular mechanisms are not fully charac- 
terized, particularly for the neural crest. This 
includes not only the process of middle ear 
cavitation, but also the mesenchymal-to-epi- 
thelial transitions that give rise to the pos- 
terior corneal epithelium (/2). These rev- 
elations should prompt a reexamination of 
processes underlying the embryonic expan- 
sion of other structures, especially the body 
cavities, for potential contributions by mes- 
enchymal lineages. The realization that epi- 
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thelial and mesenchymal lineages are natu- 
rally transformable during development fur- 
ther raises possibilities of using mesenchy- 
mal stem cells to repair or replace a broader 
range of tissues. 

Motile cilia in the middle ear clear mucus 
and pathogens out of the cavity and into the 
throat. When this system breaks down, an 
infection can arise. This vital role of cilia 
argues for a thorough description of their 
distribution and embryological origins in 
humans. And knowledge of neural crest con- 
tributions not only to the ossicles, but also 
to the middle ear lining, could offer new 
insights into the causes of congenital anom- 
alies leading to conductive hearing loss. 


References 
. H. Thompson, A. S. Tucker, Science 339, 1453 (2013). 
. M. Mallo, Dev. Biol. 231, 410 (2001). 
S.C. Chapman, Front. Biosci. 16, 1675 (2011). 
. A. Schwarzbart, J. Laryngol. Otol. 73, 45 (1959). 
. W.F. Marovitz, E. S. Porubsky, Ann. Otol. Rhinol. 
Laryngol. 80, 384 (1971). 
6. T.F. Jaskoll, P. F. A. Maderson, Anat. Rec. 190, 177 
(1978). 
7. C.S. Le Liévre, J. Embryol. Exp. Morphol. 47, 17 (1978). 
8. D.M. Noden, Dev. Biol. 96, 144 (1983). 
9. D.M. Noden, in Chimeras in Developmental Biology, 
N. Le Douarin, A. McLaren, Eds. (Academic Press, London, 
1984). 
10. U.J. Sienknecht, Hear. Res. 10.1016/j.heares.2013.01.019 
(2013). 
11. H. Thompson, A. Ohazama, P. T. Sharpe, A. S. Tucker, Dev. 
Dyn. 241, 1396 (2012). 
12. M.C. Johnston, D. M. Noden, R. D. Hazelton, J. L. Cou- 
lombre, A. J. Coulombre, Exp. Eye Res. 29, 27 (1979). 


10.1126/science.1236645 


VOL 339 22 MARCH 2013 


1397 


eens 


Detection of Carbon Monoxide 
and Water Absorption Lines 
in an Exoplanet Atmosphere 
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Determining the atmospheric structure and chemical composition of an exoplanet remains a 
formidable goal. Fortunately, advancements in the study of exoplanets and their atmospheres have 
come in the form of direct imaging—spatially resolving the planet from its parent star—which 
enables high-resolution spectroscopy of self-luminous planets in jovian-like orbits. Here, we 
present a spectrum with numerous, well-resolved molecular lines from both water and carbon 
monoxide from a massive planet orbiting less than 40 astronomical units from the star HR 8799. 
These data reveal the planet’s chemical composition, atmospheric structure, and surface gravity, 
confirming that it is indeed a young planet. The spectral lines suggest an atmospheric carbon-to-oxygen 
ratio that is greater than that of the host star, providing hints about the planet's formation. 


R 8799 is a young [~30 million years (My)] 
He early type (A5 to FO) star ~130 light 

years from the Sun. Near-infrared direct 
imaging with adaptive optics revealed four planets 
around this star (2, 3). A number of studies have 
broadly characterized these planets, showing that 
all four have masses between 5 and 10 times that 
of Jupiter (/j,,), effective temperatures between 
900 and 1200 K (still hot from the gravitational 
energy released during their formation), and near- 
infrared colors that are redder than initially ex- 
pected for their mass and temperature ranges. 
The red colors are best explained by the presence 
of iron and silicate atmospheric clouds. These 
clouds are normally located below the photosphere 
in old field brown dwarfs with temperatures less 
than 1400 K, but they are believed to persist at 
cooler temperatures in young planets where sur- 
face gravities are much lower (4-6). Low surface 
gravity may also contribute to extreme deviations 
from equilibrium concentrations of CO and CH4, 
potentially explaining the lack of strong CH, ab- 
sorption (7) previously anticipated in young plan- 
ets. The formation mechanism of the HR 8799 
planets—and all exoplanets—remains uncertain, 
with both global disk instabilities (8) and bottom- 
up core accretion (9, /0) being proposed. One 
possible way to differentiate between these is 
through planetary composition. Planets that form 
through disk instabilities will track the bulk abun- 
dance of the original star-forming material, where- 
as core-accretion planets may be enhanced or 
depleted in some elements. 
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Further inferences on the chemical composi- 
tion and surface gravity of the HR 8799 planets, 
and exoplanets in general, have thus far been lim- 
ited by poor spectral resolution (typically 1/AA ~ 
10 to 100; A, wavelength). Here, we present a 
moderate-resolution (A/AA ~ 4000) spectrum of 
the planet HR 8799c. We obtained our obser- 
vations of HR 8799c in 2010 and 2011 with the 
Keck II 10-m telescope, using the integral field 
spectrograph OSIRIS (OH-Suppressing Infrared 
Integral Field Spectrograph) (//) in conjunction 


with the facility adaptive optics system (/2). 
These observations were obtained in the K band 
(1.965 to 2.381 um) at the finest spatial sam- 
pling provided by OSIRIS (0.02” per spaxel). 
A total of 5.5 hours of observations were ob- 
tained, consisting of 33 exposures, each 600 s 
long. We processed the raw data through sky 
and dark subtraction, bad pixel removal, and 
telluric calibration from an AO stellar standard, 
and we then transformed these data into data 
cubes (/3). Each data cube has ~1600 spectral 
channels with a 0.32"-by-1.28" field of view at 
a nominal spectral resolution (A/AA) ~4000 per 
spatial location. 

Scattered starlight in the form of an interfer- 
ence pattern of speckles makes identification of 
the planet challenging. We used speckle model- 
ing and subtraction (/4) for spectral extraction. 
A key insight is that the residual speckle noise 
has a characteristic spectral signature: generally 
broad (500 A) features passing through the plan- 
etary spectrum. This produces highly correlated 
noise in a low-resolution spectrum over the full 
band pass, but does not affect the detectability 
of individual narrow spectral lines. We extracted 
the spectra from each of the 33 data cubes and 
combined them into a single spectrum with an 
average signal-to-noise ratio per channel of 
~30 (/5). 

Only a handful of objects with mass and 
age similar to HR 8799c are known, and broad 
K-band spectra are available for only a few of 
these, all with resolutions substantially lower 


Fig. 1. Low-resolution 30 
(JAX ~ 50) binned K-band 
spectrum for HR 8799c 
compared with the spec- 
tra of HR 8799b and 
2M1207b. Binning the 
data bypasses issues re- 
lated to the different res- 
olutions and sampling 
among the three data 
sets while allowing us to 
compare broad molecu- 


2.5 


2.0 


F, (scaled) 
a 


lar absorption bands (note 
that the residual speckle 1.0 
noise is correlated be- 
tween the individual spec- 
tral channels, though this 0.5 


does not affect the anal- 

ysis here). Each spectrum 

shows expected broad 0.0 
H30 absorption at A < 2.0 
2.15 um that appears 

strongest in HR 8799b. 


HR 8799c 
HR 8799b 
2M1207b 
Model (T.=1100K, log(g)=4.0) 
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Whereas CH, and CO absorption probably contribute to the downward slope redward of ~2.15 um for 
HR 8799b (14, 40), their absorption is substantially weaker than is typical for an object near 1100 K. 
The spectrum of 2M1207b, however, has no discernible contribution from CH, and is likely shaped 
primarily by clouds, H20, and CO opacity (7). The best-fitting model spectrum for HR 8799c, with a 
temperature of 1100 K and a surface gravity of 100 m s~ [log(g) = 4.0, cgs units], is shown in green. The 
best-fitting temperatures and gravities for HR 8799b and 2M1207b are ~750 to 1100 K and log(g) ~ 3.5 to 
4.5 (17) and ~1000 K and log(g) ~ 4.0 (7), respectively. F,,, flux in units of wavelength. 
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than 4000. We compared the extracted spectrum 
of HR 8799c to the spectrum of a ~5 Mj, brown 
dwarf, 2MASS J12073346-3932539b (2M1207b) 
(16), and the spectrum of the planet HR 8799b 
(74), all three binned to the same resolution 
(Fig. 1). HR 8799c falls between 2M1207b and 
HR 8799b in appearance and, like 2M1207b, has 
an obvious CO bandhead at ~2.29 um. The spec- 
tral morphology and colors of HR 8799b and 
2M1207b also imply the presence of dust clouds 
in their atmospheres (/4, /7, 18). The rough mor- 
phological similarity between HR 8799c and 
these objects implies that HR 8799c also has a 
cloudy atmosphere. The inference of atmospheric 
clouds is consistent with results from studies based 
on the photometry of HR 8799c (2, 17-21), 
which find that thick dust clouds are necessary 
to explain its spectral energy distribution. 

With the speckles mostly removed, the long- 
exposure (5.5 hours) data are sufficient to ex- 
amine the spectrum at the nominal resolution of 
OSIRIS (Fig. 2). Numerous spectral lines are 
immediately obvious, particularly those corre- 
sponding to strong CO (2,0) and (3,1) band heads 
at 2.29 and 2.32 um. The remaining absorption 
lines are expected to be due to H,O. 

To further verify that the features are, in fact, 
molecular lines and not residual noise, the spec- 
trum was low-pass filtered. Filtering effectively 
removes any residual speckle artifacts in the spec- 
trum, as well as the planet’s continuum, leaving 
behind only the absorption lines (Fig. 3) (/5). 
Because the scattered light has roughly the spec- 
trum of HR 8799A, a nearly featureless A-type 
star, modulated at 500 A scales by the speckle 
process, all remaining narrow spectral lines are 
from the planet. Although many CO and H,O 
lines are visible, we did not identify any CH, lines. 
We cross-correlated the low-pass-—filtered plane- 
tary spectrum with spectral templates of pure H,O, 


CO, and CH4. Given the incompleteness of meth- 
ane molecular line data, we used three popular, 
yet fairly distinct CH, lists as templates (22-25) 
(Fig. 3). The cross-correlation confirms that all 
lines detected in the low-pass-—filtered observa- 
tions are attributable to CO and H,0. 

Two quantities that greatly influence a planet’s 
atmosphere are effective temperature and grav- 
ity. The effective temperature of HR8799c is likely 
between 900 and 1300 K based on its observed 
bolometric luminosity (Z) [4.8 < log(Z/Le) < 4.6, 
where Le is the luminosity of the Sun] (2) and 
the range of radii predicted by formation and evo- 
lution models (1 to 1.5 Jupiter radii). Dynamical 
stability requirements of the planetary system 
require all four planets to be less than 10 Myp 
(2, 26). This mass limit, combined with the above 
radius range, implies a surface gravity below 
250 ms ~. Furthermore, the planetary system’s 
youth (~30 My) (/, 27) and cooling tracks for 
giant planets indicate a surface gravity between 
~30 and ~250 m s ~. 

The upper limit we set on rotation (vsini; 
where v is velocity and i is inclination of the ro- 
tation axis) for HR 8799c is ~40 km s |, which 
is roughly equal to the resolution of our data, in- 
dicating that the cumulative effect of broadening 
by gravity and rotation is modest. We compared 
the grid of model spectra from (/4), convolved to 
the nominal OSIRIS resolution (~5 A) and low- 
pass filtered in the same manner as the observed 
spectrum, to the drop in flux across the CO (2,0) 
bandhead, a feature known to be sensitive to 
gravity (15). Surface gravities of ~100 m s * or 
less, consistent with the range based on the sys- 
tem’s youth and dynamical stability, provide the 
best match. 

We further refined the effective temperature 
using the K-band spectrum and the surface grav- 
ity limit (<100 ms ”). The K-band spectrum has 


Fig. 2. K-band spectrum 2.0 

of HR 8799c (black) at the r H,O CH, 7 
full resolution of OSIRIS [ | | | 
(AJAX ~ 4000). Both lines L rere) | 
and continuum are shown, 1.5L 


and the spectral features L 
most relevant to objects of 
this mass are highlighted. 
For clarity, uncertainties 
are shown separately in 
red. The best-fitting mod- 
el spectrum is shown in 
green. A clear drop from 


CO is detected, along 0.5 


with features typical of 
the CO bandhead at A > 
2.29 um. The slight in- 
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crease in the spectrum at 
the red end is attributed 
to residual speckle effects 
after the attenuation al- 
gorithm. Again, broad fea- 
tures from CH, are not 
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easily detected. Spectral data are provided in database $1 (15). 
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uniformly characterized systematics and uncer- 
tainties and contains key features: the overall 
shape and the CO bandhead depth. Fitting the 
binned, low-resolution spectrum with a subset of 
the model grid with log(g) = 3.5 to 4.0 [centimeter- 
gram-second (cgs) units; g, surface gravity] results 
in effective temperature (Ze) = 1100 + 100 K 
(15). The best-matching model (Figs. 1 and 2) 
produces a cross-correlation peak that exceeds 
the correlations described above (Fig. 3). The 
model that best matches our K-band spectrum 
also compares well to the available photometry, 
including recent photometry (18), with y values 
equal to or smaller than previously published 
fits (2, 17-21). Previous results have converged 
on this temperature and gravity range by fitting 
photometric observations with broad wavelength 
coverage (/7). For the remainder of the analysis, 
Tere = 1100 + 100 K and log(g) = 3.5 to 4.0 (cgs 
units) are adopted as the most plausible values. 
The implied mass and age ranges for these values 
are ~3 to 7 Mjyp and ~3 to 30 My (hot start mod- 
els) (28). 

Our data require the mixing ratio of CH, to be 
less than ~10 > (assuming the methane templates 
are accurate for the strongest lines) (25). At Tog ~ 
1100 K, such a low CH, mixing ratio indicates 
that vertical mixing has quenched the CO and 
CH, mole fractions at depths corresponding to 
their maximum and minimum values, respec- 
tively. Though many details concerning vertical 
mixing of CO and its effect on chemical equi- 
librium are poorly understood, it is well known 
that reestablishing equilibrium CO/CH, after CO 
has been mixed into a normally CH,-rich photo- 
sphere can take 10° to 10° years (29). Therefore, 
even modest vertical mixing will quench the CO 
and CH, (and HO) in the atmosphere where the 
chemical time scales exceed the mixing time 
scales (30). Deep quenching requires short mixing 
time scales (tmix ~ rahe ‘Kz, Where Hy is the pres- 
sure scale height and K;, is the eddy diffusion 
coefficient), which justify the use of a large K,, = 
10° cm’ s ' in our models. 

Of course, the final quenched mixing ratios 
of CO, CHy, and HO all depend on the bulk 
atmospheric elemental abundances that, so far, 
have been assumed to be equal to that of the 
Sun (37, 32). The planetary atmospheric abun- 
dances may differ from those of the host star, 
depending on how the planet formed, adding ad- 
ditional importance to chemical composition. 

Under gravitational instability (GI), planets 
are the product of disk instabilities that gravita- 
tionally collapse, and though there are several im- 
portant stages of the collapse, the planet interior 
and atmosphere are formed simultaneously with 
a stellar composition (ultimately, that of the mo- 
lecular cloud from which the system formed). 
Deviations from a stellar composition are possi- 
ble through postformation capture of solid mate- 
rial; however, if the HR 8799 planets are massive 
(>3 Myup), the time scale for substantial plan- 
etesimal capture is too short (especially at their 
current separations) to allow for compositions 
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very different from stellar (33). If the HR8799 
planets formed by GI, the spectrum of HR8799c 
should indicate a stellar composition and, in par- 
ticular, a stellar C/O ratio (assumed to be equal 
to that of the Sun for HR8799) (34). 

Under core accretion (CA), planets form in 
a multistep process involving the initial forma- 
tion of a core (on the order of 10 Earth-masses 
of heavy elements) followed by runaway accre- 
tion, primarily of gas supplied by the disk. When 
the disk is no longer able to supply a substantial 
amount of material, the newly formed planet is 
isolated from what remains of the disk. The final 
atmospheric composition of a planet formed by 
CA depends on its location within the disk and 
the contribution of solids during the runaway ac- 
cretion phase. A variety of compositions are pos- 
sible (including stellar C/O with sufficient solid 
accretion), but a nonstellar composition is highly 
likely for massive giant planets. 

Within the disk that formed the HR8799 
planets, there are three important boundaries: the 
H,0 [~10 astronomical units (AU)], CO, (~90 AU), 
and CO (~600 AU) frost lines. The planets cur- 
rently orbit their star between 15 and 70 AU; 
therefore, are all located between the H,O and 
CO, lines where the gas-phase C and O abun- 
dances in the disk would have been reduced 
through the formation of ice and carbon and sili- 
cate grains (with CO and CO, remaining in the 
gas phase). Therefore, in the CA scenario, plan- 
etary atmospheres acquired through gas-only ac- 
cretion will have substellar C and O abundances 
but superstellar C/O ratios, because water ice 
is more abundant than carbon-bearing grains. A 
simple model of ice formation suggests that the 
disk gas-phase C/O ratio ~0.9 (35). Increasing the 
fraction of the atmosphere acquired by solid ac- 
cretion can lead to superstellar values of both C 
and O, with the C abundance rising more slowly 
than that of O, and an overall decrease in C/O (35). 
Between the CO, and CO ice-lines, the abun- 
dances follow a similar pattern. 

To explore the consequences of nonstellar C 
and O abundances, we made a grid of planetary 
atmosphere models following that of Barman et al. 
(/4) but using the C and O values predicted by 
(35) for different ratios of solid to gas accretion, 
with C/O ranging from 0.45 to 1 (tables S1 and 
82). Again, we assumed that the C and O abun- 
dances of HR 8799A are solar (15, 32, 34). 
We found the best fit from this grid of model 
atmosphere spectra by minimizing x (Fig. 4). 
Though a comprehensive range of C and O 
values, independent of any disk-chemistry mod- 
el, has not been explored, the results from 
these fits suggest that the C/O ratio is certainly 
less than 1 and not substellar, but is probably 
larger than the solar/stellar ratio with substellar 
C and O. 

Although it is fairly straightforward to rule 
out the extrema of C/O ratios, understanding the 
uncertainty in our C/O measurement is less so. 
In addition to noise in the data, the uncertainties 
in temperature and surface gravity also contribute 
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Fig. 3. (Top) Pure H20 (blue), CO (green), and CH, (orange) synthetic spectra demonstrate the 
predicted location of absorption lines (14). The filtered spectrum of HR 8799c is shown in red. A filtered 
model atmosphere spectrum of mostly HO and CO is overplotted in black. Also shown is a spectrum of a 
bright speckle (black trace at bottom), scaled such that the variance is equal to the variance in a 
featureless region of HR 8799c. (Bottom) Cross-correlation functions for the spectrum of HR 8799c and 
the synthetic spectra shown in the top panel (solid curves), along with a baseline cross-correlation 
between the planet spectrum and a bright speckle (dotted curve). The cross-correlation with the H20- 
only template covered the entire observed wavelength range. Correlations with the CO and CH, 
templates were performed only over wavelength regions with strong lines (CHg: A > 2.18 tum; CO: A > 
2.29 um). Large cross-correlation peaks are found for the pure CO and H0 templates, as expected. The 
CO-only template produces two smaller symmetric peaks at + 207 km s~+; this velocity corresponds to 
the near-equal line spacing of the CO lines across the (2,0) bandhead starting at 2.29 um. Similar near- 
equal line spacing occurs for other CO bandheads [that is, the (3,1) bandhead at 2.32 uml, resulting in 
the ringing behavior seen in the cross-correlation. No peaks in the correlations were found with any of 
the three CH, templates or the speckle spectrum (this is true for any subset of the observed wavelength 
range used in this work). Cross-correlation is not required to detect molecular lines in our spectrum; 
however, this exercise aids in quantifying the relative detections (or nondetection, in the case of CH,) 


when lines from individual molecules overlap. 


to measurement errors in C and O, as line depths 
are sensitive to both of these bulk parameters. To 
marginalize over the temperature and gravity un- 
certainties, we expanded the grid of atmosphere 
models (with abundances given in table S1) to 
include temperatures of 1000 to 1200 K and log(g) 
of 3.5 to 4.0. We then performed a Monte Carlo 
simulation by resampling the spectral data from 
Gaussian distributions with widths determined 
by the (uncorrelated) uncertainties for all wave- 
length channels. We fit each resampled spectrum 
using the model grid and recorded the best-fit 
abundances. The resulting estimate (and un- 
certainty) for the C/O ratio is 0.65101 , which 
is marginally greater than the assumed stellar 
ratio (~0.55). 

Measuring abundances is complicated, and 
model atmospheres have not been thoroughly 
tested for systematic under- or overestimation of 


C/O ratios in substellar objects. However, given 
the dominance of H,O, CO, and CH, opacities 
in their atmospheres, large variations in C/O 
should be easier to discern in brown dwarfs and 
giant planets than in stars (36). Planet migration 
and chemical evolution within the disk can muddy 
conclusions based on composition (37), as can 
core dredging, which may be important in planets 
more massive than Jupiter (38). With these ca- 
veats in mind, the above analysis rules out a plan- 
etary atmosphere for HR8799c that formed by 
gas-only accretion during a CA process at its 
current location (C/O > 0.9) and marginally ex- 
cludes an atmosphere that formed from extreme 
amounts of solid accretion (C/O < 0.6). Between 
these extreme predictions, the picture is more 
complicated, but the enhanced C/O ratio and the 
depleted C and O levels tend to favor a history in 
which the planet formed via CA. In this case, 
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Fig. 4. Comparison of synthetic spectra (red) with 
different carbon and oxygen abundances to the low- 
pass—filtered spectrum of HR8799c (black). The cen- 
tral wavelength range is omitted due to the lack of 
strong absorption features. Under the assumption 
that HR 8799c formed near its current location (i.e., 
little to no migration), the best-matching carbon and 
oxygen abundances from the model grid are 8.33 
and 8.51, respectively (~0.06 and 0.13 below the 
solar values, using the traditional astronomical log 
base-10 abundance scale in which the hydrogen abun- 
dance is 12.0), corresponding to a C/O ratio ~ 0.65 
(middle panel). If HR 8799c somehow formed be- 
yond 100 AU and migrated to its current location, 
the best-matching C and O abundances are both sub- 
stellar: 8.29 and 8.45, respectively, with C/O ~ 0.7 
(not depicted). In either case, large C/O (~0.9, bottom 
panel) results in a substantial increase in CH, and a 
decrease in H30 in the spectrum, whereas for small 
C/O (~0.44, top panel), CO and H20 increase. Thus, 
both cases increase or decrease the prominent mo- 
lecular lines identified in the K-band spectrum by 
factors that are easily excluded by the data (for in- 
stance, the large CH, absorption feature at 2.32 um 
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for C/O ~0.9). Note that the exclusion of the high and low C/O values is independent of K,, because the adopted value (10%) always quenches the CO and CH, 
mole fractions at their maximum and minimum values, respectively. Raising K,, would have no effect, and lowering K,, would only increase CH,. All abundance 
values for C and O in the model grid are given in tables $1 and S2. 


after an initial solid core formed, the planet atmo- 
sphere accreted from material that was partially, 
but not completely depleted of solid planetesi- 
mals. However, given the uncertainties in param- 
eters such as the stellar abundances (/5), we 
cannot totally exclude a GI formation scenario 
for this system. Our work shows the power of 
high-resolution spectra, which allow molecular 
species to be seen directly through their individ- 
ual absorption lines rather than inferred from 
overall spectral shapes that are more sensitive to 
model parameters. 
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Suppression of Metal-Insulator Transition 
in VO, by Electric Field—Induced 
Oxygen Vacancy Formation 


Jaewoo Jeong,”? Nagaphani Aetukuri,”? Tanja Graf,? Thomas D. Schladt,” 
Mahesh G. Samant,” Stuart S. P. Parkin?* 


Electrolyte gating with ionic liquids is a powerful tool for inducing novel conducting phases 

in correlated insulators. An archetypal correlated material is vanadium dioxide (VOz), which is 
insulating only at temperatures below a characteristic phase transition temperature. We show 
that electrolyte gating of epitaxial thin films of VO2 suppresses the metal-to-insulator transition 
and stabilizes the metallic phase to temperatures below 5 kelvin, even after the ionic liquid is 
completely removed. We found that electrolyte gating of VO leads not to electrostatically induced 
carriers but instead to the electric field—induced creation of oxygen vacancies, with consequent 
migration of oxygen from the oxide film into the ionic liquid. This mechanism should be taken 
into account in the interpretation of ionic liquid gating experiments. 


correlated insulators is a powerful means 
of creating novel electronic phases, but the 
process requires high electric fields often beyond 
those achievable by conventional dielectric gates 
(J—3). Such fields can be achieved at interfaces 
with the use of Schottky junctions (4) or polar 
materials (5, 6), or at surfaces with the use of 
ionic liquids (ILs) (7) as the gate dielectric in 
field-effect transistor devices (8—/0). The latter 
method allows for tunable electric fields without 
restriction on the channel material or its crystal 
orientation. One of the most interesting and wide- 
ly studied correlated materials is the insulator 
VO; (//, 12), which exhibits a metal-to-insulator 
phase transition (MIT) as the temperature is re- 
duced below ~340 K in bulk material (73). Re- 
cently, electrolyte gating (EG) was shown to 
substantially alter the properties of thin films of 
VObz; in particular, the metallization of the in- 
sulating state was achieved and attributed to the 
introduction of small numbers of carriers that 
are electrostatically induced by the gating pro- 
cess (/4). This would be consistent with the de- 
stabilization of a Mott insulating state in VO, 
that depends critically on electronic band half- 
filling, which has been a long-standing goal in 
condensed matter physics (/5). We find that an 
entirely different mechanism accounts for the EG 
suppression of the MIT to low temperatures in 
epitaxial thin films of VO, that we have prepared 
on TiO, and Al,O; single-crystal substrates. 
Figure 1A shows resistivity-temperature curves 
for VO films grown by pulsed laser deposition 
on various facets of TiO2 and Al,O3 single crys- 
tals in an O; pressure (Po ) of 10° torr during 
deposition (/6). The MIT temperature (Tyr) 
varied as a result of different strains in the VO 


T=: electric field—induced metallization of 
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films (/7). Henceforth, we focus on films grown 
on TiO,(001) and Al,O3(1010), which have a 
large difference in Tyr but have the same crys- 
tallographic orientation. For these films, high- 
resolution x-ray diffraction (Fig. 1B) indicated 
excellent epitaxial growth with the c axis out of 
the plane. The film on TiO2(001) is 10 nm thick, 
is strained along the c axis by —1.2% (/8, 19), 
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and has a Tyr of ~290 K. By contrast, the film 
on Al,03(1010) is 20 nm thick, is completely 
relaxed (/8, 79), and has a Tyr of ~340 K. 
Devices for EG studies were fabricated from 
10-nm VO,/TiO,(001) and 20-nm VO./ALO{1010) 
films (Fig. 1C), unless otherwise noted, using 
standard optical lithographic techniques. The elec- 
trical contacts to the channel included source 
and drain contacts as well as four side contacts 
that were used for four-wire resistance and Hall 
measurements. A ~100-n1 droplet of the IL 1-hexyl- 
3-methylimidazolium bis(trifluoromethylsulfonyl)- 
imide (HMIM-TFSI) covered the channel and 
lateral gate electrode. The gate voltage V;, was 
swept at 5 mV/s and a source drain voltage Vsp = 
0.1 V was used, except where noted. Hysteresis 
in the sheet conductance centered about V4 =0 V 
was observed for both substrates (Fig. 1, D and E). 
By sweeping VG, the device could be reversibly 
switched between low- and high-conductance 
states. Once switched to the high-conductance 
state, the device was stable at V4 = 0 V and 
maintained its conductance for many days, even 
when the IL was washed off the device with 
isopropyl alcohol (fig. $1). We used x-ray pho- 
toelectron spectroscopy (XPS) to verify that the 
IL was completely removed; no spectroscopic 
signature of the IL was found (fig. S2). This sug- 
gests that the gating effect was not electrostatic in 
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Fig. 1. Temperature- and gate voltage—dependent conductivity of epitaxial VO, thin films. (A) Resistivity- 
temperature curves for VO; films grown on various orientations of TiO2 and Al,O3 single-crystal substrates. (B) 
High-resolution Cu Ko, 6-26 x-ray diffraction pattern of VO, films deposited on Al,O3(1010) and Ti0,(001), 
respectively, showing highly oriented films with the c axis out of plane. (C) Optical image of a typical device 
showing a droplet of the ionic liquid (IL) HMIM-TFSI. The electrical contacts can be seen in the magnified 
image of the channel (right). S, source contact; D, drain contact; G, gate electrode. (D and E) Sheet 
conductance versus V;, for devices fabricated from VO, films prepared on Al,03(1010) (D) and Ti03(001) (E). 
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origin. Moreover, the fact that films on both types 
of substrates showed similar behavior rules out 
any appreciable influence of the substrate—for 
example, the role of strain. The electric field— 
induced metallic phase, reflected in the source- 
drain current /sp, was stable over extended periods 


Fig. 2. Suppression of the MIT in VO; films. (A) 
Sheet resistance R, versus temperature 7 for var- 
ious gate voltages varying from 0 to 1.8 V for 
VO,/TiO>(001). (B) Resistivity of VO, versus tem- 
perature as a function of Po, used for film deposition 
on Ti0>(001). (C) R, versus T for the same device as 
in (A) in its pristine state, at Vg = 1.8 V (gated) and 
at V, =—0.8 V (reverse gated), showing complete 
recovery of the MIT in the latter case. Vg was applied 
at 300 K for measurements in (A) and (C) while the 
films were in their metallic state. (D) Sheet resist- 
ance for EG devices formed from VO2/TiO2(001) 
and VO5/Al,03(1010), and electron carrier density 
ne from Hall measurements for an EG device fabri- 
cated from VO;/TIO2(001), versus Vg. The dashed line 
is a guide to the eye. 


Fig. 3. XPS and SIMS measurements. (A and B) 
V 2p core-level spectra for pristine and gated 
1.8 V in both cases. (C) Comparison of data in 
(A) and (B) with spectra for VOz films deposited 
under reduced Pp, on Ti0(001). (D) Excess 780 
concentration above the natural abundance (~0.2 
atomic %) versus depth for two EG devices fabri- 
cated from 40- and 20-nm VO, on Al,03(1010) 
determined by SIMS. The devices were gated to the 
metallic state in vacuum and reverse-gated to re- 
cover the insulating state in 2°05. Data are com- 
pared to pristine channels on the same wafer that 
were not gated but were subjected to the same 
dosage of 7°0,. Measurements on two different areas 
of sample 1 are very similar. (E) Scan at a mass 
resolution of 4000 (atomic mass units divided by 
full width at half maximum) showing clear sep- 
aration of 780, 7°07H,, and 1”07H. 


of time in the presence of the IL at V4 = 0 V (fig. 
S3A) and also for modest VG, but the insulating 
phase could be nearly recovered by applying re- 
verse gate voltages similar in value to those needed 
to induce the metallic phase (Fig. 1, D and E). 
The insulating phase could also be recovered by 
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annealing in oxygen at modest temperatures 
(~200°C; fig. S4). 

Figure 2A shows the temperature dependence of 
the channel sheet resistance Rg of VO2/Ti0,(001) 
devices for several positive values of Vg. A pro- 
gressive suppression of the MIT as the gate bias 
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was increased is observed until the MIT is sup- 
pressed to below 5 K at V ~ 1.8 V. This gating 
effect is compared in Fig. 2B with the effect of 
changing the oxygen content of VO, by depos- 
iting VO /TiO2(001) in reduced Po, at 400°C. 
The Tyr is systematically reduced and the MIT 
is suppressed as Pc, is lowered. The transport 
data in Fig. 2, A and B, are notably similar. 
In both cases, the onset temperature for the MIT 
is decreased and the magnitude of the resistivity 
change drops. The similarity in these data sug- 
gests that the EG effect could also be due to the 
electric field—induced formation of oxygen va- 
cancies, thereby leading to a reduced MIT. 

As discussed above, the VO> devices can be 
reversibly switched between insulating and me- 
tallic phases. The temperature dependence of the 
resistivity for the same device in Fig. 2A in its 
pristine (i.e., ungated) state is nearly identical 
after being reversibly gated (Fig. 2C). 

The sheet resistance in the metallic phase just 
above the MIT is plotted versus Vq in Fig. 2D 
for the devices used in Fig. 2A, and for devices 
on Al,O3 substrates in fig. S5. For VO, devices 
on both substrates, Rs increases considerably as 
Vg is increased. If the gating effect were electro- 
static, the electron carrier density n, should increase 
for positive VG; thus, one would anticipate a de- 
crease rather than an increase in Rs. Moreover, 
Hall resistivity measurements for VO2/TiO2 show 
no evidence for any increase in n, (Fig. 2D, bottom); 
rather, 7, is independent of Yq and its measured 
value is ~6 x 10° cm 3, similar to bulk VO (20). 

To confirm the possibility of oxygen vacancy 
creation during EG that was suggested by our 
transport data, we carried out three independent 
experimental studies. First, we used XPS to mea- 
sure changes in the oxidation state of vanadium 
in gated VO) films. Devices with much larger 
channel areas (~900 by 300 pm) than those 
used above were fabricated to accommodate 
the x-ray (Al Ka) beam size (diameter ~150 um). 
Transport data for these devices were similar to 
those shown in Fig. 2 for similar Vg. In Fig. 3, 
A and B, the V 2p core-level spectra obtained 
within the channel for pristine devices are com- 
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Time [s] 
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pared with the spectra for the same devices gated 
to completely suppress the MIT to low temper- 
atures. The results for devices fabricated on 
Al,0;(1010) and TiO,(001) are similar. The po- 
sition of the V 2p3, core-level peak in the pristine 
sample is ~516.3 eV, close to the well-established 
value of ~516.1 eV for V** in VOs. In the gated 
sample (for which the IL was removed), the V 
2p32 core-level peak broadens and is shifted 
toward lower binding energy by ~0.2 eV. (Note 
that the peak is observed to be at ~515.8 eV for 
Vv in V,03.) These observations indicate a 
reduction in the oxidation state of V from V** 
toward V*" (2/). Similarly, in situ measured films 
prepared at different values of Pg, (Fig. 3C) have 
V 2p peaks that shift systematically to lower 
binding energies and broaden monotonically as 
Po, is reduced. Thus, the V oxidation state con- 
tinuously evolves toward V*", concomitant with 
a suppression of the MIT (as shown in Fig. 2B). 

The changes in the oxidation state of V ob- 
served by XPS strongly indicate the formation 
of oxygen vacancies. In the absence of electric 
fields, the formation energies of oxygen vacancies 
in rutile oxides are known to be very high (22). 
However, we hypothesize that the electric fields 
created at the electric double layer (EDL) at the 
IL-oxide interface are sufficiently high (23) to 
drive oxygen out of the VO, surface into the IL, 
and that once the oxygen vacancies are created, 
these vacancies are stable in the absence of the 
EDL at Vg = 0. This explains the nonvolatility of 
the gating (Fig. 1, D and E). To test this hy- 
pothesis, we carried out gating in a high-vacuum 
chamber in which we could introduce 86, First, 
an EG device with a large channel area (900 by 
300 um) was gated in high vacuum (Vg = 3 V) 
to suppress the MIT to low temperatures. After 
gating for long times (~10 to 20 min), the channel 
conductance was found to be nearly saturated 
and remained unchanged when V was reduced 
to zero (16). Once a stable channel current was 
obtained, 180, was introduced into the cham- 
ber at Vg = 0 V. Then a reverse gate voltage of 
—1.5 V was applied until the insulating state was 
recovered; this took several hours. This proce- 
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Fig. 4. Electrolyte gating of a device fabricated from VO2/Al,03(1010) in the presence of oxygen at 300 K. 
(A) Source-drain current at Vg = 3 V versus time as Po, was varied from an initial pressure of 150 torr, 
gradually reduced to 10~° torr, abruptly increased to 130 torr, and then gradually reduced to 10~° torr 
(indicated schematically by color). (B) Sheet conductance (color scale) as a function of Vg and Po,. 


dure was repeated three and four times, respec- 
tively, for two experimental devices termed sample 
1 and sample 2. Samples 1 and 2 were fabricated 
from 40-nm and 20-nm VO,/AI,0;(1010), re- 
spectively. Depth profile secondary ion mass 
spectrometry (SIMS) was then performed on 
these devices after the IL was removed. A com- 
parison was made to pristine regions on the 
same sample that were otherwise subjected to 
identical procedures concurrently. In the latter 
case, no excess '*O above its natural isotopic 
abundance in oxygen (0.2 atomic percent) was 
measured. However, a notable increase in the con- 
centration of '*O to nearly twice the natural abun- 
dance was found at the surfaces of both devices in 
the gated channels, with a higher value in sam- 
ple 1, the device that was gated in higher pres- 
sures of '8O, (Fig. 3D). The excess '80 was seen 
to depths of nearly 20 nm from the oxide surface, 
with similar depth profiles for the two samples. 
The incorporation of '8O within the VO, channels 
during reverse gating supports our hypothesis that 
gating creates oxygen vacancies within the channel. 

Given the large area of the channel, the most 
likely migration path for the oxygen that must 
be released to create the vacancies during gating 
is into the IL. Then one might speculate that 
saturation of the IL with oxygen would prevent 
such migration. Figure 4A indeed shows that 
there is no change in the source-drain current 
even when a large V is applied in the presence 
of Op (at 150 torr) to a 100 by 20 um device of 
VO,/A1,0;(1010). After 200 s, O. was pumped 
out from the chamber and, concomitantly, [gp 
gradually increased. When oxygen was reintro- 
duced into the chamber while maintaining Vq = 
3 V, Isp began to decrease. We found a clear cor- 
relation between the source-drain current and 
the amount of oxygen in the chamber. A detailed 
dependence of the sheet conductance on Vg and 
Po, is shown in Fig. 4B. Appreciable gating 
effects were found only at low values of Po, 
(for Vg > ~1.5 V). 

Our experiments show that modest gate volt- 
ages result in the electric field—induced migration of 
oxygen into and out of the IL even though the en- 
ergy required to create an oxygen vacancy in VO, 
in zero electric field is high. This phenomenon is 
likely to be common to many experiments using 
high electric fields, especially those using IL gating; 
many of these experimental results have been inter- 
preted by the electrostatic creation of carriers. Our 
results suggest that the electric field-induced migra- 
tion of species into and out of electrolyte-gated 
materials is an exciting avenue for the creation of 
novel, non-equilibrium phases of matter. 
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Photonic Spin Hall Effect at Metasurfaces 


Xiaobo Yin," Ziliang Ye,? Junsuk Rho,? Yuan Wang,’ Xiang Zhang2* 


The spin Hall effect (SHE) of light is very weak because of the extremely small photon momentum and 
spin-orbit interaction. Here, we report a strong photonic SHE resulting in a measured large splitting 
of polarized light at metasurfaces. The rapidly varying phase discontinuities along a metasurface, 
breaking the axial symmetry of the system, enable the direct observation of large transverse motion 
of circularly polarized light, even at normal incidence. The strong spin-orbit interaction deviates 

the polarized light from the trajectory prescribed by the ordinary Fermat principle. Such a strong and 
broadband photonic SHE may provide a route for exploiting the spin and orbit angular momentum 

of light for information processing and communication. 


he relativistic spin-orbit coupling of elec- 
trons results in intrinsic spin precessions 
and, therefore, spin polarization—dependent 
transverse currents, leading to the observation of 
the spin Hall effect (SHE) and the emerging field 
of spintronics (/—3). The coupling between an 
electron’s spin degree of freedom and its orbital 
motion is similar to the coupling of the transverse 
electric and magnetic components of a propagating 
electromagnetic field (4). To conserve total angular 
momentum, an inhomogeneity of material’s in- 
dex of refraction can cause momentum transfer 
between the orbital and the spin angular momen- 
tum of light along its propagation trajectory, re- 
sulting in transverse splitting in polarizations. 
Such a photonic spin Hall effect (PSHE) was re- 
cently proposed theoretically to describe the spin- 
orbit interaction, the geometric phase, and the 
precession of polarization in weakly inhomoge- 
neous media, as well as the interfaces between 
homogenous media (5, 6). 

However, the experimental observation of the 
SHE of light is challenging, because the amount 
of momentum that a photon carries and the spin- 
orbit interaction between the photon and its me- 
dium are exceedingly small. The exploration of 
such a weak process relies on the accumulation 
of the effect through many multiple reflections 
(7) or ultrasensitive quantum weak measurements 
with pre- and postselections of spin states (8, 9). 
Moreover, the present theory of PSHE assumes 
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the conservation of total angular momentum over 
the entire beam (5—9), which may not hold, es- 
pecially when tailored wavelength-scale photonic 
structures are introduced. In this work, we demon- 
strate experimentally the strong interactions be- 
tween the spin and the orbital angular momentum 
of light in a thin metasurface—a two-dimensional 
(2D) electromagnetic nanostructure with designed 
in-plane phase retardation at the wavelength scale. 
In such an optically thin material, the resonance- 
induced anomalous “skew scattering” of light 


A Trajectory of Light 
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destroys the axial symmetry of the system that 
enables us to observe a giant PSHE, even at 
the normal incidence. In contrast, for interfaces 
between two homogeneous media, the spin-orbit 
coupling does not exist at normal incidence (5-9). 

Metamaterial made of subwavelength com- 
posites has electromagnetic responses that largely 
originate from the designed structures rather than 
the constituent materials, leading to extraordinary 
properties including negative index of refraction 
(J0, 11), superlens (/2), and optical invisibilities 
(13, 14). As 2D metamaterials, metasurfaces have 
shown intriguing abilities in manifesting electro- 
magnetic waves (/5, 16). Recently, anomalous 
reflection and refraction at a metasurface has been 
reported (/7, /8), and a variety of applications, such 
as flat lenses, have been explored (/9—22). How- 
ever, the general approach toward metasurfaces 
neglects the spin degree of freedom of light, which 
can be substantial in these materials. We show here 
that the rapidly varying in-plane phase retardation 
that is dependent on position along the metasurface 
introduces strong spin-orbit interactions, depart- 
ing the light trajectory (S) from what is depicted 
by Fermat principles, S = Spemat + Sso (where Sgo 


Fig. 1. (A) Schematic of the PSHE. 
The spin-orbit interaction originates 
from the transverse nature of light. 
When light is propagating along a 
curved trajectory, the transversality 
of electromagnetic waves requires a 
rotation in polarization. (B) Trans- 


verse polarization splitting induced by a metasurface with a strong gradient of phase retardation along the x 
direction. The rapid phase retardation refracts light in a skewing direction and results in the PSHE. The strong spin- 
orbit interaction within the optically thin material leads to the accumulation of circular components of the beam in 
the transverse directions (y’ directions) of the beam, even when the incident angle is normal to the surface. 
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is acorrection to the light trajectory raised from the 
metasurface-induced spin-orbit interaction). 

The PSHE or the spin-orbit interaction arises 
from the noncolinear momentum and velocity (the 
change of trajectory) of light. When light is prop- 
agating along a curved trajectory (Fig. 1A), the 
time-varying momentum along the light path must 
introduce a geometric polarization rotation to main- 
tain the polarization transverse to its new prop- 
agation direction (23), @ = —k(é - k)/k?. Here, é 
and k are the polarization vector and the wave 
vector, respectively, k is the change of the prop- 
agation direction, and & is the amplitude of the 
wave vector. The rotation of the polarization de- 
pends on the helicity of light and may be considered 
as circular birefringence with a pure geometric 
origin (23-25). As the back-action from geomet- 
ric polarization rotations, the spin-orbit interac- 
tion also changes the propagation path of light, 
as we will show in later sections, resulting in a 
helicity-dependent transverse displacement for 
light; i.e., photonic SHE. 

For an ordinary interface between two homo- 
geneous media, when a Gaussian beam impinges 
onto the interface at normal incidence, the axial 
symmetry normal to the surface eliminates the 
spin-orbit coupling, and the total angular momen- 
tum of the entire beam is conserved. However, by 
designing a metasurface with a rapid gradient of 
phase discontinuity V® along the interface in the 
x direction (Fig. 1B), we introduce a strong spin- 
orbit coupling when the light is refracted off the 
interface. The rapid, wavelength-scale phase re- 
tardation can be incorporated in the optical path 
by suitable design of the interface (17, 18, 26). 
Such a position-dependent phase discontinuity 
removes the axial symmetry of the interface and, 
therefore, allows us to observe the PSHE, even at 
the normal incident angle. Figure 1B schemati- 
cally depicts the PSHE for the light beam that is 
refracted off a metasurface with rapid in-plane 
phase retardation. The momentum conservation at 
the metasurface now must take into account that 
the position-dependent phase retardation and the 
induced effective circular birefringence are deter- 
mined by the gradient of the in-plane phase change 
or the curvature of the ray trajectory, (kK x k)/k? 
(7), where k depends on the rapid phase change. 
For a linearly polarized incidence, light of op- 
posite helicities will be accumulated at the op- 
posite edges of an anomalously refracted beam 
in the transverse direction (Fig. 1B). The faster 
the in-plane phase changes, the stronger the effect 
becomes. Because both the local phase response 
and its gradient are tailored through metamate- 
rial design, the optical spin-orbit interaction from 
the metasurface is strong, broadband, and wide- 
ly tunable. 

To experimentally observe the strong PSHE 
at the metasurfaces, we used a polarization-resolved 
detection setup (Fig. 2), which allows precise 
measurement of Stokes parameters of the refracted 
beam, providing the spin-state information of the 
light in the far field. A supercontinuum light 
source is used for broadband measurement, and 
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Fig. 2. (A) Scanning electron microscope image of a metasurface with a rapid phase gradient in the 
horizontal (x) direction. The period of the constituent V-shaped antenna is 180 nm. Eight antennas with 
different lengths, orientations, and spanning angles were chosen for a linear phase retardation, ranging 
from 0 to 2x with 7/4 intervals. Scale bar, 500 nm. (B) Light from a broadband source was focused onto 
the sample with a lens (focal length f = 50 mm). The polarization can be adjusted in both the x and y 
directions with a half-wave plate. The regularly and anomalously refracted far-field transmission through 
the metasurface was collected using a lens (f = 50 mm) and imaged on an InGaAs camera. The 
polarization state of the transmission is resolved by using an achromatic quarter-wave plate (1/4), a half- 
wave plate (1/2), and a polarizer with a high extinction ratio. P, polarizer. 


Fig. 3. (A) Observation of a giant SHE: the helicity of the anomalously refracted beam. The incidence is 
from the silicon side onto the metasurface and is polarized along the x direction along the phase gradient. 
The incidence angle is at surface normal. Red and blue represent the right and left circular polarizations, 
respectively. (B) Helicity of the refracted beam with incidence polarized along the y direction. 


the beam is focused onto the sample with a spot 
size of ~50 um. Our metasurfaces consist of 
V-shaped gold antennas. By changing the length 
and orientation of the arms of the V-shaped struc- 
tures, the subwavelength antennas at resonance 
introduce tunable phase retardations between the 
incident and the forward-propagating fields. For 
linear phase retardation along the x direction, we 
chose eight antennas with optimized geometry 
parameters. We measured samples with different 
phase gradients; a scanning electron microscope 
image of the antenna array with a phase gradient 
of 4.4 rad/um is shown in Fig. 2A as one ex- 
ample. We used a lens of 50-mm focal length to 
collect the anomalously refracted far-field trans- 
mission through the metasurface, and we imaged 
this transmission on an InGaAs camera. The 
polarization of the incidence is linear and can be 
adjusted in either the x or y directions with a half- 
wave plate. The polarization states of the anom- 
alously and the regularly refracted beams are 
resolved at the far field using an achromatic 
quarter-wave plate, a half-wave plate, and a po- 


larizer with an extinction ratio greater than 10° 
for all wavelengths of interest. 

Because the polarization state of light is un- 
ambiguously determined by the Stokes vector S 
on a unit Poincaré sphere, the evolution of the 
polarization due to spin-orbit interaction is well 
described by the precession of the Stokes vector 
ona Poincaré sphere. The helicity or the handedness 
of light is given by the circular Stokes S, param- 
eter (circular polarization) S, = z= as where 
I+ and J,- are the intensities of the anomalous 
refraction with circular polarization basis, which 
were imaged successively using the camera. The 
coordinates of the image represent the in-plane 
wave vectors of the refracted beams. The right 
circular o* and left circular o” polarizations are 
discriminated by setting appropriately the angle 
of the wave plates and polarization analyzer. 
Using the polarization-resolved detection, we cal- 
culated the circular Stokes parameter of the anom- 
alously refracted beam from measurements for 
each pixel; this is shown in Fig. 3A for x-polarized 
incidence. The in-plane wave vector dependence 
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Fig. 4. (A) Wavelength dependence 
of the refraction angles when excita- 
tion is normally incident onto the 
metasurface. The measurement was 
conducted for three samples with dif- 
ferent phase gradients of 3.6, 4.0, 
and 4.4 rad/um. The measured refrac- 
tion angles agree well with the theo- 
retical predictions (solid curves). The 
angles are the same for both the left 
and right circularly polarized light. 
(Inset) Schematic depiction of the 
light trajectory for the anomalous 
refraction for the surface normal in- 
cidence. (B) Transverse motion (data 
points with error bars) between anom- 
alously refracted light beams with 


> 


anomalous refraction angle 


right and left circular polarizations, showing a PSHE effect over a broad range 
of wavelengths. Solid curves are a guide for the eyes. The measurement was 
performed for three metasurfaces with different phase gradients. The 


of the circular Stokes parameters shows a max- 
imal value of ~0.1 located at +n/2, and the sign 
of S, is reversed between +n/2 and —-n/2, show- 
ing a transverse motion of the polarization. Whereas 
the incident angle is kept at zero throughout the 
experiment, the phase gradient along the interface 
removes the axial symmetry of the optical system 
and enables the direct observation of the PSHE 
for the anomalously refracted beams with different 
circularly polarized light. Figure 3B shows the 
PSHE effect for y-polarized incidence: The helic- 
ity of the refracted beam is clearly inverted due to 
the 90° phase rotation of the incidence. As the 
transverse spin current is solely determined by 
the longitudinal components of electromagnetic 
fields, such a distinct PSHE can only be observed 
in the anomalously refracted beam. As a control 
experiment, the spin-orbit coupling vanishes for 
the regularly transmitted beam, which exits the 
metasurface in the direction of the surface normal. 

The photonic spin-orbit interaction in a curved 
light path not only manifests a helicity-dependent 
circular birefringence but also influences the 
trajectory of light. This effect resembles the 
Imbert-Fedorov shifts in the case of total internal 
reflections (27) and the recently observed optical 
Magnus effect at the near field (28, 29). When con- 
sidering spin-orbit coupling, the ordinary Fermat 
principle based on ray optics is not sufficient in 
predicting the light trajectory; therefore, a helicity- 
dependent transverse motion of light emerges 
from the additional geometric phases due to spin- 
orbit interaction. For the incident light with a pure 
spin state (circularly polarized), a transverse mo- 
tion of the beam’s center of mass is thus expected. 

Such a transverse motion occurs in real space 
and can be directly measured. Replacing the po- 
larization optics shown in Fig. 2B with a variable 
liquid-crystal phase retarder, we measured the 
spin-dependent motion of photons (the relative 
displacement between the anomalously refracted 
I,+ and [,-) by an InGaAs quadrant detector with 
polarized incident beam periodically modulated 
in either left- (o") or right-handed (c ‘) polarization 
states. Throughout the experiment, the incidence 
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angle was kept at normal incidence to the sample. 
The tailored in-plane phase gradient induces anom- 
alous transmission at different refracting angles 
determined by the gradient. Figure 4A shows the 
refraction angle at different incident wavelengths 
for multiple samples with different phase gra- 
dients. The anomalous refraction angle approaches 
90° when the incident wavelength approaches 
eight times the period of the V-shaped antennas. 
In Fig. 4B, the transverse motions of the beams 
are shown at the normal incident for wavelengths 
over hundreds of nanometers in bandwidth. The 
feedback from the polarization clearly deviates 
the trajectory from that given by the ordinary 
Fermat Principle. The strong spin-orbit interac- 
tions induced by the resonant V-shaped antenna 
array enable the observation of the transverse dis- 
placement, which increases rapidly as the anom- 
alous refraction angle approaches 90°. Current 
PSHE theory assumes the conserved momentum 
solely over the Gaussian wave packet. However, 
the rapid phase gradient along the metasurface 
supplies additional momentum, making such a 
theoretical treatment incomplete. A new appara- 
tus for analytical analysis should be developed to 
account for such a rapid phase gradient along the 
surface. By considering the energy transport at 
the interface, however, the polarization-dependent 
transverse motion of light can be analyzed by in- 
tegrating the Poynting vectors (including the eva- 
nescent fields) over the half-space of the exiting 
medium (see the supplementary materials). 

The strong photonic SHE at a metasurface 
with a designed phase discontinuity over the wave- 
length scale enables the observation of transverse 
motions of circularly polarized light. The anom- 
alous skew scattering of light simultaneously 
breaks the rotational symmetry in the polarization 
space and the axial symmetry along its trajectory, 
giving rise to a broadband PSHE, even at the 
normal incidence. The generation and manipula- 
tion of strong spin-orbit interaction of light with 
tailored nanomaterials provide a new degree of 
freedom in information transfer between spin and 
orbital angular momentum of photons. 
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incidence was kept at surface normal but was periodically modulated between 
the left and right circular polarizations. Any transverse motion of the weight 
center of the beam was detected by a position-sensitive detector. 
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A Terradynamics of Legged 
Locomotion on Granular Media 


Chen Li,?? Tingnan Zhang,’ Daniel |. Goldman?* 


The theories of aero- and hydrodynamics predict animal movement and device design in air and water 
through the computation of lift, drag, and thrust forces. Although models of terrestrial legged locomotion 
have focused on interactions with solid ground, many animals move on substrates that flow in 
response to intrusion. However, locomotor-ground interaction models on such flowable ground are 
often unavailable. We developed a force model for arbitrarily-shaped legs and bodies moving 

freely in granular media, and used this “terradynamics” to predict a small legged robot's locomotion 
on granular media using various leg shapes and stride frequencies. Our study reveals a complex but 
generic dependence of stresses in granular media on intruder depth, orientation, and movement 
direction and gives insight into the effects of leg morphology and kinematics on movement. 


(2-4) emerges from the effective interac- 

tion of bodies and/or appendages with an 
environment. For flying in air and swimming in 
water, there is a history of theoretical predictive 
models (3-5) to describe the complex interactions 
between the locomotor and the surrounding fluids, 
based on the fundamental equations for fluid flow, 
the Navier-Stokes equations. These models have 
not only allowed understanding of the movement 
of a variety of aerial and aquatic organisms (5) 
[such as bacteria and spermatazoa (6), insects (7), 
birds (8), and fish and whales (9)] and their func- 
tional morphology, evolution, and ecology (9, /0), 
but also advanced the engineering design of air- 
craft (3), marine vehicles (4), and flying (/7) and 
swimming (/2) robots. For running and walking 
on ground, studies using solid ground such as 
running tracks and treadmills have inspired general 
models (/3, /4); building on these models, research- 
ers have begun to apply dynamical systems theory 
(/5). In these studies, the leg-ground interaction 
was often approximated as a point contact on a 
rigid, flat, and nonslip ground (/3—/5). 

Many small legged animals (/6—19) [and in- 
creasingly robots (20—23)] face the challenges 
of moving on natural substrates such as sand 
(16, 17, 21), gravel (16, 20), rubble (20), soil 
(20, 22), mud (17, 20), snow (18, 20), grass (20, 22), 
and leaf litter (79, 20, 22), which, unlike solid 
ground, can flow during movement when a yield 
stress is exceeded. The complexity of the in- 
teractions with such “flowable ground” may rival 
or even exceed that during movement in fluids. 
For example, recent studies of legged animals (/6) 
and robots (2/) moving on granular media [col- 
lections of particles (24)] such as sand and gravel 
(Fig. 1, A and B) have demonstrated that at an 
instant of time during a step, each element of a 
leg moves through the substrate at a specific depth, 
orientation, and movement direction, all of which 
can change over time (/6, 2/). Furthermore, the 


Te locomotion of animals (7) and devices 
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leg interacts with a material that can display both 
solid-like and fluid-like features (24) (Fig. 1, C and 
D). Compared to the theories of aero- and hy- 
drodynamics, predictive models are less well de- 
veloped for calculating forces and predicting legged 
locomotion on such flowable ground (/6, 2/). 
Research in the field of terramechanics (2) 
has advanced the mobility of off-road vehicles 
on flowable ground such as sand and soil. These 
models were developed for large wheeled and 
tracked vehicles, which sink only slightly into 
the substrate (2, 25). Thus, in terramechanical 
models, interaction with the ground is approxi- 
mated as the indentation of a horizontal, flat, 
rectangular plate (2, 25). It was a breakdown of 
this flat-plate approximation, however, that led 
to overpredicted speeds for small vehicles such 
as the Mars rovers, whose small wheels have 
substantially curved ground contact interfaces 


Surface 


(25). Because leg-ground interaction on flow- 
able substrates is a more diverse, complex, and 
dynamic process (/6, 2/) than the flat-plate in- 
dentation, terramechanics is not expected to ap- 
ply to legged locomotors on flowable ground (2). 

Granular materials such as sand and gravel 
(24), home to a variety of small desert animals 
(16, 17, 26), have proved to be a promising model 
substrate for studying legged locomotion on flow- 
able ground (/6, 2/). Despite their diversity in 
particle size, shape, density, friction, polydispersity, 
and compaction (24), dry granular media are rela- 
tively simple as compared to media such as soil 
and mud, because granular particles interact purely 
through dissipative, repulsive contact forces and 
have no cohesion (24). In addition, the penetra- 
tion resistance of granular media can be repeat- 
ably controlled using laboratory apparatus such 
as an air-fluidized bed (/6, 21, 26). 

To begin to create a “‘terradynamics” that al- 
lows the prediction of legged locomotion on a 
flowable ground, we hypothesized that the net 
forces on a leg (or a body) moving in a granular 
medium in the vertical plane could be approxi- 
mated by the linear superposition of resistive 
forces on infinitesimal leg (or body) elements. 
Our hypothesis was inspired by our recent suc- 
cess in applying the methods of resistive force 
theory (6) to predict the forces and movement 
during the limbless locomotion of a lizard swim- 
ming in sand (26) and in describing the drag 
(26, 27) and lift (27) on simple objects moving 
in granular media at fixed depths. In these studies, 
the linear superposition was valid for intruders 
moving in granular media in the horizontal plane 
at low enough speeds [for example, $0.5 m/s for 


Side view 
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Fig. 1. Examples of legged locomotion on flowable ground. (A) A zebra-tailed lizard running on sand (16). 
(B) A biologically inspired RHex robot (22) walking on dirt [Photo credit: Galen Clark Haynes, Aaron M. 
Johnson, and Daniel E. Koditschek, University of Pennsylvania]. Dashed boxes in (A) and (B) indicate the 
regions of leg-ground interaction shown in (C) and (D). Schematic of leg-ground interaction for (C) a hind 
foot of a zebra-tailed lizard (16) and (D) a c-leg of a RHex robot (21) during a step on granular media. 
Dashed, solid, and dotted tracings are leg positions at early, mid-, and late stance. Bars and arrows indicate 
local orientations and movement directions of leg elements. The gray area is the granular substrate. 
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0.3-mm glass particles (26)], where intrusion 
forces are dominated by particle friction (insen- 
sitive to speed) and non-inertial (26). However, it 
was unclear whether linear superposition could 
apply to legs (or bodies) of complex morphology 
and kinematics moving in the vertical plane. 

To measure resistive forces for leg elements, 
we moved a thin rigid plate (of area A) in granular 
media in the vertical plane at 1 cm/s and mea- 
sured lift f; and drag f. on the plate (in the con- 
tinuously yielding regime). We determined 
vertical and horizontal stresses 6, = f-,,./A as a 
function of the plate’s depth |z| below the 
surface, angle of attack B, and angle of intrusion 
y (Fig. 2A and movie S1) (28). To test the 
generality of our resistive force model, we used 
three dry granular media of various particle size, 
shape, density, and friction, prepared into flat, 
naturally occurring, loosely and closely packed 
states (16, 2/, 26) (supplementary text section 
2, fig. S3, and table $1). Slightly polydispersed 
near-spherical glass particles 0.3 and 3 mm in 
diameter [covering the particle size range of 
natural dry sand (~0.1 to ~1 mm) (29)] and 
rounded, slightly kidney-shaped poppy seeds 
(0.7 mm in diameter) allowed us to probe general 
principles for naturally occurring granular media 
of high sphericity and roundness [such as Ottawa 
sand (30)]. We discuss at the end of the paper 
possible effects of particle nonsphericity and 
angularity also found in many natural sands (30). 

In all media tested, we observed that for all 
attack angles B and intrusion angles y, o,, were 
nearly proportional to depth |z| when the plate 
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was fully submerged and far from the bottom of 
the container (Fig. 2B and movie S1). This is 
because friction-dominated forces are propor- 
tional to the hydrostatic-like pressure in granular 
media. Therefore, we modeled the hydrostatic-like 
stresses as 


on(le.B) = {2 a a 
where a, are vertical and horizontal stresses 
per unit depth (slopes of dashed fit lines in Fig. 
2B). We found that in all media tested, a-,. 
depended sensitively on both attack angle B and 
intrusion angle y (Fig. 2, C and D, fig. S4, and 
additional data table S5). a, (or o.,) was opposing 
the plate’s vertical (or horizontal) velocity for most 
but, counterintuitively, not all B and y (exceptions 
are indicated by the shaded regions). For almost all 
attack angles B, a. had larger magnitudes (|o.,,|) 
for intrusion angle y > 0 than for y < 0; i-e., it was 
harder to push the plate into granular media than 
to extract it. For all intrusion angles y except y = 
+n/2, |a.,.| Were asymmetric to attack angles B = 
0 and B = +n/2; i.e., only when the plate moved 
vertically were stress magnitudes the same for 
vertically or horizontally mirrored orientations 
(e.g., B =+2/6). These asymmetries are a result of 
gravity breaking symmetry in the vertical plane 
and differ from the case in the horizontal plane 
(26). Our resistive force measurements are an 
advance from previous force models based on 
the flat-plate approximation used in many ter- 
ramechanical models (2, 25), which capture only 
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the dependence of stresses on intruder depth, but 
not on its orientation or movement direction (sup- 
plementary text section 1 and fig. S1). Despite 
their different magnitudes and subtle differences 
in shape, the overall profiles of stresses (per unit 
depth) a.,,.(B, y) were similar for all media tested. 
Furthermore, these stress profiles could be ap- 
proximated (to the first order) by a simple scaling 
of generic stress profiles (supplementary text sec- 
tion 3, figs. S6 and S7, and tables S2 and S3). 
We next tested our hypothesis that forces on 
a complex intruder moving in granular media 
in the vertical plane could be approximated by 
the linear superposition of forces on all intruder 
elements. We measured the net lift F’, and thrust 
F, on thin rigid model legs rotating about a fixed 
axle [simulating a tethered body (7, //)]| through 
granular media in the vertical plane at ~1 cm/s 
(Fig. 3 and movie S2) (28). We then compared 
them to predictions from the resistive force model by 
the integration of stresses over the legs (movie S3) 


Oz x(By; Ys) Zl dA, (2) 


ieee — [o.x((zls, B,,,)dA 

=| 

5 
where S is the leading surface of the leg; dA, |z|;, 
B,, and y, are the area, depth below the surface, 
angle of attack, and angle of intrusion of infin- 
itesimal leg elements; and a.,.(B,, Y,) are element 
stresses per unit depth (interpolated from data in 
Fig. 2, C and D). To test the robustness of our force 
model, we used three model legs of different 
geometries [with the same maximal leg length 2R 


w/2 > Oy, 


Fig. 2. Measurement of resistive forces in granular media in the vertical plane using a plate element (28). (A) 
Lift f; (blue arrow) and drag f, (green arrow) on a thin rigid plate of area A moving in granular media (gray 
area) in the vertical plane at speed v = 1 cm/s were measured as a function of the plate’s depth Iz| below the 
surface, angle of attack 8, and angle of intrusion y. The granular media were fluidized (and then compacted 
when a closely packed state was prepared) using an air-fluidized bed (26) before each intrusion (y > 0) and 
extraction (y < 0). g is gravitational acceleration. (B) Vertical (blue curve) and horizontal (green curve) 


stresses 0, , =f, ,/A versus Izl for representative intrusion and extraction using (8, y) = 


+(n/6, 7/4) (movie 


$1). Blue and green dashed lines are linear fits with zero intercept over intermediate depths at which the 
plate was fully submerged and far from the bottom of the container. Horizontal arrows on top indicate the 
range of leg depths in Figs. 3 and 4. (C) Vertical and (D) horizontal stresses per unit depth a, , [slopes 
of dashed fit lines in (B)] versus B and y. Plate schematics with arrows denote representative orientations 
and movement directions. Black curves indicate where o,,, = 0. The shaded areas indicate where a, (or a) is not opposing the plate’s vertical (or horizontal) 
velocity. Circles indicate o, , from data shown in (B). Arrows above and below the color bars indicate directions of a, , for positive and negative values. 
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(28)]: a RHex robot’s c-leg (2/, 22), a flat leg, and 
a reversed c-leg (Fig. 3, A to C). In model cal- 
culations, each leg was divided into 30 elements. 

In all media tested (Fig. 3, D to F, and fig. S5), 
we observed that for all three legs, the measured 
net lift and thrust F’... as a function of leg angle 0 
(solid curves) were asymmetric to the vertical 
downward direction (8 = 0), and were larger 
during intrusion (6 < 0) than during extraction 
(8 => 0). Peak F_,. were largest on the c-leg and 
smallest on the reversed c-leg. The reversed c-leg 
experienced significant negative lift (suction force, 
F, < 0) during extraction. For all media tested, 
our resistive force model predicted F-,. versus 8 
for all three legs (dashed curves), capturing both 
the magnitudes and asymmetric profiles. The 
relative errors of peak forces between data and 
model predictions were within 10% for the c-leg 
in four media tested, and within 33% for all three 
legs in all media tested. The accuracy of our resist- 
ive force model was significantly better than that 
of previous force models in which stresses depended 
only on depth (Fig. 3, D to F, insets; supplementary 
text section | and fig. S2). Furthermore, our resistive 
force model revealed that the c-leg generated the 
largest forces, because its morphology allowed leg 
elements to not only reach deeper depths but also 
access larger stress regions in Fig. 2, C and D 
(particularly for elements at large depths). 

Our discovery of the insensitivity of the 
stress profiles to particle properties (fig. S4) has 
practical benefits: For granular media of near- 
monodispersed, near-spherical, rounded particles, 
as an alternative to measuring ©... for all attack 
angles B and intrusion angles y in the laboratory, 
one can simply perform a single measurement [of 
a0, 7/2), using a horizontal plate penetrating 
vertically downward] to infer all o,.(B, y) by a 
scaling routine (supplementary text section 3 and 
fig. S9) and predict forces (with a small loss in 
accuracy for the c-leg and the flat leg, but a larger 
loss in accuracy for the reversed c-leg, fig. S8). 

We tested the ability of our resistive force 
model to predict legged locomotion. We chose to 
study the locomotor performance (speed) of a 
small RHex-like robot (22) (Fig. 4A, top, and 
movie S4) moving on granular media (28). The 
robot’s six legs rotated nearly entirely in the 
vertical plane during locomotion, and its small 
size ensured that leg intrusion speeds were low 
enough for particle inertia to be negligible. We 
chose poppy seeds as the test granular medium, 
because the grains were both small enough be 
prepared in our fluidized bed track (2/) and 
large enough to not jam the robot’s motor and 
gear trains. The robot’s legs had a similar friction 
coefficient with poppy seeds to that of the model 
legs and were sufficiently rigid so that they experi- 
enced negligible bending during movement. (28). 

Unlike the sand-swimming lizard, which moves 
within granular media quasistatically (thrust and 
drag are always roughly balanced) (26), legged 
locomotion on the surface of granular media is 
dynamic (forces are not always instantaneously 
balanced). As a result, the resistive force theory 


(which solves for speed by balancing forces) 
(6, 26) cannot be directly applied. Thus, to use 
our resistive force model to calculate robot 
speed, we developed a three-dimensional multi- 
body dynamic simulation of the robot (Fig. 4A, 
bottom) (28). The simulated robot had the same 
body and leg morphology and used the same 
alternating tripod gait as the actual robot and had 
its motion constrained in the vertical plane. We 
divided each body plate and leg into 30 elements. 
The velocity v and angular velocity @ of the sim- 
ulated robot’s body were calculated by 


where F and N are the sum of net forces and 
torques on all the six legs and the body exerted by 
the granular medium, calculated from our re- 
sistive force model by the integration of stresses 
over each leg and the body using Eq. 2; m and [ 
are the robot’s mass and moment of inertia; and ¢ 
and dt are time and time step. To test the robustness 
of our resistive force model and simulation, we used 
legs of seven geometries with different curvatures 
1/r (given maximal leg length 2R’) (Fig. 4C, in- 
set) and varied stride frequency /to up to 5 Hz (28). 


A 


B Flat leg 


We observed similar robot kinematics (Fig. 
4A) and forward speed v, versus time ¢ (Fig. 4B) 
in both the experiment (movie S5) and simula- 
tion (movie S6). The robot moved faster and 
penetrated its legs less deeply during stance using 
c-legs (Fig. 4A, left; Fig. 4B, red) than using re- 
versed c-legs (Fig. 4A, right; Fig. 4B, blue). Av- 
erage forward speed ¥, increased with stride 
frequency f for legs of all curvatures 1/r and was 
lower at any f using legs of negative curvatures 
than using legs of positive curvatures (Fig. 4, C 
and D). The agreement between experiment and 
simulation in ¥,(f 1/”) was remarkable: Errors 
were within 20% for 90% of the fand 1/r tested 
and within 35% for all the f and 1/r tested. 
Simulation using our scaling routine also achieved 
reasonable accuracy (supplementary text section 5 
and fig. S13). This was an improvement over 
simulation using previous force models in which 
stresses depended only on depth (fig. $13). Our 
resistive force model and simulation revealed that 
the robot moved faster using c-legs than using 
reversed c-legs, because whereas the c-legs pen- 
etrated less deeply, their elements accessed larger 
stress regions in Fig. 2, C and D, resulting in 
larger leg lift (fig. S14) and smaller body drag. 
Our model and simulation also allowed the pre- 
diction of ground reaction forces on granular me- 
dia (Fig. 4A, red arrows, and fig. S13), which 
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Fig. 3. The resistive force model predicts forces on intruders of complex morphology and kinematics 
moving in granular media (28). Three thin rigid model legs of different geometries, (A) a c-leg, (B) a flat leg, 
and (C) a reversed c-leg, were rotated about a fixed axle at a hip height A through granular media (gray area) 
in the vertical plane at an angular velocity «, generating leg speeds of v ~ 1 cm/s, and net lift F, (blue) and 
thrust F, (green) were measured as a function of leg angle 6 (movie $2). All three legs had identical maximal 
length 2R from the axle. g is gravitational acceleration. (D to F) F, , versus 6 on the three legs measured in 
the experiment (solid curves) and predicted by the resistive force model (dashed curves) using Eq. 2 (movie 
$3). Insets: F, , versus © from experiment (solid curves) versus predicted (dotted curves) using Eq. 2 and 
previous force models in which stresses depended only on depth (supplementary text section 1 and fig. 52). 
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would be difficult to measure otherwise. Further- 
more, our model and simulation predicted that 
using arc-like legs (given maximal leg length 2R’) 
of an optimal curvature of 1/r = 0.86/R’, the robot 
would achieve maximal speed of ¥, = 72 cm/s 
(= 5 body length/s) at 5 Hz. Our approach affords 
significant reduction in the computational time 
needed to model movement on granular media. 
For example, relative to our multiparticle discrete 
element method (DEM) simulation of movement 
on granular media (23, 27), our simulation using 
the resistive force model can achieve a factor of 
10° in speed-up (e.g., 10 s versus 30 days using 
DEM to simulate 1 s of locomotion on a granular 
bed of 5 x 10° poppy seeds). 

We close with a brief discussion of the 
limitations of our model. We tested the predictive 
power of our scaling routine (supplementary text 
section 3 and fig. S9) for two highly polydis- 
persed, nonspherical, highly angular natural sands 
(supplementary text section 4, figs. S10 to S12, 
and table S4). We found that the model accuracy 
for natural sands was slightly worse than found in 
the glass spheres and poppy seeds (for example, 
35% versus 20% error in peak F, for a rotating 
c-leg). As was the case for the near-spherical 
granular media tested, the functional forms of 
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forces on the c-leg and the flat leg were still well 
captured by our scaling routine. Furthermore, the 
overestimation was not affected by reducing the 
polydispersity of the natural sand. This suggests 
that the nonsphericity and angularity of natural 
sand particles (30) may be the cause of this over- 
estimation, which may require additional model 
fitting parameters and scaling factors. Our model 
is intended for dry sand [~0.1 to ~1 mm in particle 
diameter (29)] and may not work for dry cohesive 
powder (< ~0.01 mm) (3/). We do not expect our 
model to work if the particle size approaches a 
characteristic length of the locomotor (for exam- 
ple, ~1-cm particles for our robot of ~1-cm foot 
size), so that the continuum assumption breaks 
down and particles effectively become “boulders.” 
We also do not expect our model to capture wet, 
cohesive flowable media such as soil and mud. 
We have developed a new approach to predict- 
ing legged locomotion on granular media. This 
terradynamics relies on new resistive force measure- 
ments and linear superposition (6, 26, 27). The 
general profiles of these resistive force measure- 
ments are insensitive (other than magnitudes) to a 
variety of granular media composed of slightly 
polydispersed, approximately spherical, rounded 
particles. Our terradynamics may not be limited 
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Fig. 4. A multibody dynamic simulation using the resistive force model predicts legged locomotion on 
granular media (28). (A) Side views of a small RHex-like robot (movie $4) at mid-stance during loco- 
motion on granular media, using c-legs (left) and reversed c-legs (right) in the experiment (top, movie S5) 
and simulation (bottom, movie S6). Arrows in the simulation indicate element forces on one tripod of legs. 
g is gravitational acceleration. (B) Forward speed v, versus time t from two representative runs using c-legs 
(red, stride frequency f = 2.0 Hz, curvature 1/r = 1/R’) and reversed c-legs (blue, f= 2.2 Hz, 1/r =—/R’). (C) 
Average forward speed 7, versus f using legs of seven curvatures 1/r transitioning from reversed c-legs to 
c-legs (inset), where r is the radius of curvature, 2R'is the maximal length of the robot legs, and the minus 
sign denotes reversed legs. (D) Vy versus 1/r at f = 1, 2, 3, and 4 Hz. In (B) to (D), solid and dashed curves 
indicate the experiment and simulation, respectively. Error bars in (C) denote +1 SD (<<1 cm/s in the 
simulation). Experimental data in (D) are interpolated from those in (C) (hence no error bars). Red and 
blue arrows in (C) and (D) indicate averages from data shown in (B). 
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to legged locomotion, because the integration 
of stresses should in principle work for devices 
of other morphology and kinematics, such as 
wheels, tracks, and earth movers moving on gran- 
ular media (2, 25). For the particle types tested 
here, an important addition to our model would 
be to capture three-dimensional effects (16) and 
spatial and temporal variation in compaction (2/) 
and slopes (/7), and test its validity in the high- 
speed “inertial fluid” regime (when leg intrusion 
speed is 21 m/s, at which particle inertia dom- 
inates forces) (23). Our resistive force model also 
provides opportunities to test and develop new 
physics theories of dense granular flow (32). Fi- 
nally, we envision that, in concert with aero- and 
hydrodynamics (3—/2), a general terradynamics 
of complex ground will not only advance un- 
derstanding of how animals move (/) at present 
(5-10, 13-19, 26) and in the past (17, 33), but 
also facilitate the development of robots with 
locomotor capabilities approaching those of or- 
ganisms (//, 12, 20-23). 
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DNA Gridiron Nanostructures Based 
on Four-Arm Junctions 


Dongran Han,*2* Suchetan Pal,” Yang Yang,’* Shuoxing Jiang,”” Jeanette Nangreave, ‘2 


Yan Liu,?’?* Hao Yan?’2* 


Engineering wireframe architectures and scaffolds of increasing complexity is one of the 
important challenges in nanotechnology. We present a design strategy to create gridiron-like 
DNA structures. A series of four-arm junctions are used as vertices within a network of 
double-helical DNA fragments. Deliberate distortion of the junctions from their most relaxed 
conformations ensures that a scaffold strand can traverse through individual vertices in 
multiple directions. DNA gridirons were assembled, ranging from two-dimensional arrays with 
reconfigurability to multilayer and three-dimensional structures and curved objects. 


shown merit as versatile materials for or- 
ganizing and constructing complex nano- 
scale structures (/). In 2006, Rothemund described 
a method to generate complex DNA origami 
nanostructures with addressable surface features. 
In this method, a long scaffold strand, most often 
the 7429-nucleotide (nt) circular genome of the 
M13mp18 bacteriophage, is organized and folded 
by interactions with a large number of short, 
synthetic, staple strands (2). The path of the 
scaffold strand in this approach has been restricted 
to discrete domains of parallel lines because it is 
based on the double crossover unit motif to link 
adjacent helices (3—5). We present a design strat- 
egy that uses an unusual set of immobile Holliday 
junction analogs (four-arm junctions) as the basic 
structural unit of DNA origami nanostructures and 
as joints to construct a variety of two-dimensional 
(2D) and 3D gridiron structures, in which the 
scaffold strand and corresponding double helices 
are not restricted to a 1D parallel, raster-fill pat- 
tern. By programming the connection between 
individual joints with DNA segments of varia- 
ble lengths, we constructed complex wireframe 
geometries. 
Although intuitively one could imagine thread- 
ing a single-stranded scaffold through a number 


S elf-assembling nucleic acid molecules have 
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of four-arm junction units in both horizontal and 
vertical directions to create gridiron like patterns, 
the structural properties of traditional Holliday 
Junction (6—8) impose certain challenges that re- 
quire unconventional rearrangement of the junc- 
tion unit conformation, as revealed by the design 
principles described below. We compared a grid- 
iron unit to a double crossover motif (9) (Fig. 1A), 
and the DNA strands are abstracted to display 
only their polarity with the arrows pointing from 
5’ to 3’. In the gridiron unit, four four-arm junc- 
tions are linked together to form a two-layer 
square frame in which the helices on opposite 
sides lie in the same plane. An antiparallel ar- 
rangement between opposite sides of the square 
frame permits a single, central strand to traverse 
each of the helices. 

Each of the four junctions is depicted in its 
relaxed conformation (Fig. 1B) such that the heli- 
ces form a right-handed twist with a 60° torsion 
angle. Deviation from a relaxed conformation is 
required of each junction to form the gridiron unit 
cell. First, the red strands in the horizontally ori- 
ented helices (both top and bottom images) can 
be linked together to produce continuous strands 
without reversing the 5'-to-3' polarity (Fig. 1, B 
and C). Next, the vertically oriented helices need 
to be rotated in the plane about the junction points 
(Fig. 1C) to allow the formation of continuous 
5'-to-3’ connections between upper and lower 
junctions (Fig. 1, D and E). 

Connecting a number of gridiron units leads 
to the formation of a variety of 2D lattices (Fig. 1, 
F and G). The red lines represent the DNA strands 


that are expected to retain an unperturbed heli- 
cal structure with continuous base stacking. 
Meanwhile, the short strands (in gray) form the 
crossovers between helical domains and func- 
tion as staples. A long scaffold strand is created 
by connecting the termini of the red strands with 
short single-stranded DNA (ssDNA) loops. In 
the most basic design, the scaffold begins at one 
corner, fills the first layer, changes direction at 
the opposite corner, and then fills the second 
layer to produce a structure in which the helices 
within the two layers are oriented perpendicu- 
larly with respect to each other. Lastly, the scaf- 
fold returns to its initial position to form a closed 
loop (Fig. 1G). 

The cavity size of gridiron structures can be 
tailored by altering the number of base pairs be- 
tween the adjacent junction points. An 11-by-11 
gridiron structure (11 vertical helices by 11 hori- 
zontal helices) with 21 base pairs (bp) between 
junctions in both directions uses 5301 of 7249 nt 
of the M13mp18 ssDNA scaffold strand and con- 
tains 120 staple strands (42 nt each). The remain- 
ing 1948 nt of the scaffold form a single-stranded 
loop at one comer that is visible in atomic force 
microscope (AFM, Fig. 2, A and B) and trans- 
mission electron microscope (TEM) images (Fig. 
2, C and D). Gridiron structures with 63-by- 
63-bp cavities (Fig. 2, E and F) were assembled 
to demonstrate the programmability of the design 
strategy. 

To test whether the ssDNA scaffold is re- 
quired to force the junction to rotate and form 
the intended gridiron structures, we designed and 
successfully constructed a scaffold-free 11-by-11 
gridiron structure (figs. S13 and S14). We also 
found that scaffolded and scaffold-free gridiron 
elements can be combined within a single struc- 
ture (figs. S13 and S15). Further, a scaffold-free 
gridiron unit was examined by native gel electro- 
phoresis to verify its formation when the compo- 
nent strands were mixed in equal stoichiometric 
ratios (fig. S33). Although the schematic diagram 
in Fig. 1D depicts 90° angles between the helices 
in the upper and lower layers, the angles are not 
fixed because the junctions are flexible. The ex- 
perimental results reveal the formation of rhom- 
boid rather than square structures; the junctions 
most likely behave cooperatively in order to main- 
tain optimized base-stacking interactions and the 
lowest overall free energy. The single-stranded 
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scaffold loop in one corner serves as an intrinsic 
marker to determine the angles adopted by the 
gridiron, and the angles display a bimodal distri- 
bution with nearly equal amplitudes, centered at 
76° + 7° (SD) and 103° + 7° (for additional details 
regarding image analysis, see fig. S7). A closer 
examination of the AFM images further reveals 
the existence of two alternative conformations 
that the structural can adopt (figs. S6 and S8 and 
discussion in supplementary text). 

The flexibility of the joints makes it possible 
to control or reconfigure the conformation of the 
gridiron structure by exerting external forces on 
selected comers ofa gridiron. A modified version 
ofa 15-by-15 gridiron structure with 21-bp cavities 
has about one quadrant of the gridiron unfolded 
and forms a randomly coiled 836-nt single-stranded 
loop between two “arms” of tweezers (Fig. 2G). 
The ssDNA loop is long enough to allow the 
structure to adopt a relaxed conformation. The ob- 
served distribution of the inner angle (0) of the 


tweezers (measured from 309 individual struc- 
tures) is broad and centered at 80° to 90°. 

We could contract and extend the ssDNA loop 
by introducing secondary or tertiary structures 
that generate enough force to control the angle 
(the design details are described in the supple- 
mentary materials). Sets of staple strands were 
designed to either contract the ssDNA loop and 
fix an acute angle (a narrow distribution centered 
at 41° + 7°) via the formation of a two-helix bun- 
dle (Fig. 2H) or to extend the loop to secure a 
right (Fig. 21) or obtuse angle (Fig. 2J) via the 
formation of a three-helix bundle of specific length. 
The design with the right angle shows a narrow 
and symmetrical distribution centered at 94° + 10°, 
and the design with the obtuse angle has a broad- 
er angle distribution centered at 102° and exhibits 
an asymmetry that is more heavily weighted 
toward smaller angles. 

We extended the gridiron design into the third 
dimension by three different strategies. The first 


Fig. 1. (A) (Left) Geometry and strand polarity of a single gridiron unit formed from four four-arm 
junctions. (Right) Geometry and polarity of a double-crossover molecule motif used in conventional DNA 
origami structures. For both structures, the ssDNAs depicted in red are components of DNA double helices 
that serve as the scaffold strands. The ssDNA depicted in gray represents staple strands. (B) Models of four 
four-arm junction molecules in their relaxed conformation. The orientation of the upper two junctions 
differs from that of the lower two by a 180° in-plane rotation. Thus, the polarities of the continuous red 
strands in the upper and lower layers of the horizontally oriented helices are antiparallel to one another. 
(C) Models illustrating the deviation from a relaxed conformation required of the four individual junctions 
to form a gridiron unit. The blue arrows indicate that the top helix of the junctions in the upper-left and 
lower-right corners must be rotated ~150° clockwise, whereas in the upper-right and lower-left junctions 
they must be rotated ~30° counterclockwise. (D and E) Helical models illustrating a complete gridiron 
unit. (F and G) Schematics illustrating a typical scaffold-folding path for a 2D DNA gridiron pattern. 
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involves stacking multiple layers of 2D gridiron 
lattices at selected connection points (Fig. 3, A 
and B). The second relies on intertwining several 
gridiron planes in x-y-z directions (Fig. 3C). The 
third method has its basis in distorting a single 
layer of DNA gridiron into 3D structures by con- 
trolling their curvatures (Fig. 4). By using the first 
strategy, we constructed a three-layer hexagonal 
(Fig. 3D), a four-layer rectangular gridiron (Fig. 3E), 
and a three-layer parallelogram (fig. S58) struc- 
ture. For all multilayer gridiron structures, the 
scaffold strand raster fills each layer, with an off- 
set in the angle formed between the helices of 
adjacent layers. The three-layer hexagonal and four- 
layer rectangular structures maintained 60° and 
90° offsets between layers, respectively. 

Varying the location and distance between 
connection points will yield differently patterned 
multilayer structures. In contrast to the angle flex- 
ibility present in the quasi-2D structures, the ad- 
dition of a third layer fixes the angles at junction 
points. The only exception to this is for connec- 
tions through the center of the same unit motif, as 
shown by the green dashed line (Fig. 3A). In a 
3D model of an eight-by-eight-by-eight three- 
layer hexagonal gridiron structure (Fig. 3D), neigh- 
boring junctions in the top and bottom layers are 
52 bp apart, and neighboring junctions in the 
middle layer (alternating connections to the top and 
bottom layers) are 26 bp apart. Because X= Y= L 
(Fig. 3B), each junction should adopt a 60° tor- 
sion angle. A four-layer rectangular gridiron struc- 
ture (Fig. 3E) can be broken down into two 
six-by-five double-layer gridirons (with 52-bp cav- 
ities) stacked on top of one another with a 26-bp 
offset in the connections between the first and 
third, and second and fourth, layers. 

The relations of the lattice planes in gridiron 
structures are not restricted to stacked multilayer 
structures. The 3D gridiron structures can also be 
assembled by integrating gridiron lattices with 
scaffold-free elements (see supplementary mate- 
rials for description of various design possibil- 
ities). Figure 3F presents such a design in which a 
nine-by-nine gridiron plane (shown in blue) is 
intertwined with an eight-by-eight scaffold-free 
gridiron plane (shown in yellow). The complex, 
interwoven topology of this particular structure 
required combining scaffolded and scaffold-free 
components (see supplementary materials for ad- 
ditional details). 

Gridiron designs can allow assembly of even 
more complex structures by inducing a desired 
curvature in the basic structural unit described in 
Fig. 1. Maintaining the distance between junc- 
tions in one direction while simultaneously shrink- 
ing or extending the distance in the other direction 
(by varying the number of base pairs) creates 
an isosceles trapezoid unit. The lengths of the 
parallel sides of the trapezoidal units can be pro- 
gressively changed between layers and combined 
to generate curved gridiron structures such as an 
S-shaped structure (Fig. 4A). One layer is com- 
posed of nine concentric, evenly spaced curved 
helices, and the second layer contains 13 linear, 
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Fig. 2. (A to D) Images for a 2D gridiron structures with 21-bp cavities with —_ matics (left), TEM images (middle), and histogram analysis (right) of the angle 
AFM [(A) and (B)] and TEM images [(C) and (D)]. (E and F) Images fora 2D __ distributions for angle control. All scale bars indicate 200 nm, and all zoom-in 
gridiron with 63-bp cavities with AFM (E) and TEM images (F). (G to J) Sche- —_ images (images without scale bars) are 200 by 200 nm. 


Fig. 3. Multilayer gridiron design 
strategies. (A and B) Strategy 1 is 
stacked layers. (A) A portion of a 
double-layer gridiron lattice with 
52-bp cavity size. The yellow circles 
designate the permissible connec- 
tion points to a third layer. The dashed 
lines correspond to possible connec- 
tion points to form additional layers. 
(B) Given the double-layer gridiron 
lattice (X and Y lengths) and the dis- 
tance between crossover points in the 
third layer, the angle 6 can be calcu- 
lated as 180° — cos *[(X? + ¥? — L?)/ 
2XY]. (C) Strategy 2 is intertwining 
gridiron planes. (D to F) Schematics 
(left), AFM (middle), and TEM (right) 
images of (D) a three-layer hexag- 
onal gridiron design, 8 = 120°; (E) 
a four-layer gridiron design, 0 is not 
controlled because the dashed green 
line in (A) represents a connection 
strategy that cannot fix the angle; 
and (F) a 3D gridiron assembled by 
using strategy 2. All scale bars indi- 
cate 200 nm, and all zoom-in im- 
ages (images without scale bars) 
are 200 by 200 nm. 
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Fig. 4. Schematics (left), AFM (middle), and TEM images (right) of (A) an 
S-shaped structure, (B) a sphere, and (C) a screw. All scale bars indicate 200 nm, 
and all zoom-in images (images without scale bars) are 200 by 200 nm. In (B) 


nonparallel helices. The relation between adja- 
cent linear helices (the angles formed by their 
theoretical intersection) between adjacent linear 
helices was varied. Some 3D gridiron structures 
that contain curvature were also achieved, such 
as the sphere shown in Fig. 4B. The helices in 
concentric ring and radial spoke layers are stretched 
in the center and shrunk at the edges, forming a 
latitudinal and longitudinal framework, respec- 
tively. This is realized by progressively adjusting 
the distance between junctions in latitudinal di- 
rections. Additional modifications to the basic struc- 
tural motif can be used to produce other complex 
structures. In the screw structure (Fig. 4C), the 
polarity of the DNA strands in the square unit 
motif differs from what is illustrated in Fig. 1B 
(where adjacent scaffold helices have an antipar- 
allel polarity in one direction and the same polar- 
ity in the other direction). The scaffold strand is 
arranged in an antiparallel configuration to form 
a wireframe cylinder structure (11 helices are ar- 
ranged axially) and subsequently wraps around 
the cylinder (analogous to a left-handed screw) 
until the two ends meet. The distance between 
adjacent axial helices is 21 bp, the interthread 
distance is 42 bp, and the AFM and TEM images 
display the expected left-handed conformation. 
The design principles of creating gridiron 
units allow scaffold strands to travel in multiple 
directions, which represent an important depar- 
ture from certain aspects of the previous DNA 
origami methods. Traditional Holliday junctions 
do not naturally adopt conformations that would 


— 


allow them to be connected in such a way, and it 
was unexpected to find that these motifs could 
(within a larger network of crossovers) endure a 
150° rotation of one of the arms while simulta- 
neously maintaining their integrity. Indeed, the 
flexible and dynamic behavior of these motifs 
may have excluded these types of junction con- 
formations for consideration in scaffolded struc- 
tures. Yield analysis from agarose gel and TEM 
images shows that the structures, even without 
purification, form with reasonably high yield (from 
~36% for the gridiron tweezers to ~85% for the 
gridiron screw, estimated from agarose gels; from 
~51% for the gridiron sphere to ~89% for the 
four-layer gridiron, estimated from TEM images; 
see supplementary materials for yield analysis). 
The ability to engineer DNA gridirons that are 
analogous to vector-based objects, where a series 
of points with defined positions in 3D space are 
connected by lines, is an important milestone in 
the development of synthetic nucleic acid struc- 
tures. In particular, this opens up new opportunities 
to implement the design of complex wireframe 
structures (see discussion in supplementary mate- 
rials) that are amenable to dynamic controls. A 
future challenge in DNA origami is to achieve 
true folding, starting from a 2D sheet (miura ori), 
rather than the 1D M13 scaffolds commonly 
used in traditional DNA origami construction. 
The loose 2D networks and freely rotating hinges 
between different planes of DNA gridirons pro- 
vide the design features necessary to implement 
Miura ori type of origami. 
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and (C), the diameter and the width, respectively, appear to be larger in the AFM 
images compared with the TEM images. This difference is probably a result of 
flattening of the 3D objects into two-layer structures and AFM tip convolution. 
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Simple Scaling of Catastrophic 
Landslide Dynamics 
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Goran Ekstrom* and Colin P. Stark 


Catastrophic landslides involve the acceleration and deceleration of millions of tons of rock and 
debris in response to the forces of gravity and dissipation. Their unpredictability and frequent location 
in remote areas have made observations of their dynamics rare. Through real-time detection and 
inverse modeling of teleseismic data, we show that landslide dynamics are primarily determined by 
the length scale of the source mass. When combined with geometric constraints from satellite imagery, 
the seismically determined landslide force histories yield estimates of landslide duration, momenta, 
potential energy loss, mass, and runout trajectory. Measurements of these dynamical properties for 
29 teleseismogenic landslides are consistent with a simple acceleration model in which height drop and 
rupture depth scale with the length of the failing slope. 


band and complex (/). Short-period waves 
result from the myriad momentum exchanges 
taking place within the granular mass and along 
its sliding boundary. They are distributed in time 
and low in amplitude compared with the impul- 
sive radiation associated with the sudden stress 
drop in tectonic earthquakes. Long-period waves 
radiated by landslides are simpler: They are gen- 
erated by the broad cycle of unloading and re- 
loading of the solid Earth (2-4) induced by the 
bulk acceleration and deceleration of the landslide 
mass. The corresponding momentum exchange is 
complicated by entrainment and deposition (5—7) 
during motion and by topographic undulations 
along the slide path (8). Characteristic unloading- 
reloading times in large landslides are several tens 
of seconds, making them efficient sources of seis- 
mic waves at periods of that order (9). 
Traditional earthquake monitoring conducted 
by national and international agencies is designed 
for detection of impulsive short-period seismic 
waves and for location of associated tectonic 
earthquakes and explosions. Landslide detections 
are rare. A complementary method based on near- 
real-time data from the Global Seismographic 
Network (GSN) allows for the detection of seis- 


S eismic radiation from landslides is broad- 
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Fig. 1. Landslide force history and 
trajectory for the Hunza-Attabad land- 
slide. (A) Inversion of the landslide 


mic events through continuous back-projection of 
the long-period wavefield (/0-/2). This event- 
detection algorithm detects >90% of magnitude 
M = 5.0 shallow earthquakes reported by other 
agencies and identifies about 10 events each month 
that are not in other seismicity catalogs. Some of 
these unassociated events have been correlated with 
large-scale glacier calving (/3, 14) and volcanic 
unrest (/5). Here, we identify and investigate an- 
other subset of these events associated with cata- 
strophic (large and fast) landslides. 

The event-detection algorithm locates events 
with an initial accuracy of 20 to 100 km (/0). A 
terrestrial landslide source is established by com- 
bining this geographic location with satellite imag- 
ery, field photographs, news reports, local seismic 
recordings, and other sources. A comprehensive 
investigation of 195 unassociated detections for 
2010 led to the identification of 11 major land- 
slides (table S1, events 16 to 26). All of the seis- 
mically detected landslides generated long-period 
surface waves (SW) roughly equivalent to a mag- 
nitude Ms ~ 5 tectonic earthquake, and all were 
recorded at multiple seismographic stations. Tec- 
tonically generated surface-wave signals of this 
magnitude are routinely used to determine earth- 
quake fault geometries and seismic moments 
(16), suggesting that similar methods could also 
be used to provide a quantitative characterization 
of the detected landslides. For example, Kanamori 
and co-workers (/7, /8) measured a subhorizon- 


tal force of ~150 s duration and maximum am- 
plitude ~10'? N associated with the massive debris 
avalanche after the 1980 eruption of Mount St. 
Helens volcano (table S1). Seismological analyses 
of long-period data have usually focused on single 
landslide events and typically have been limited 
to estimation of the average slide direction (often 
only in the horizontal), peak force, and duration 
of sliding (19-22). Field observations, by contrast, 
frequently suggest complex three-dimensional (3D) 
landslide trajectories, and numerical modeling has 
highlighted the effects of such complexity on the 
radiated seismic waves (7, 8). 

We developed an inverse method (/2) to in- 
fer the 3D force sequence generated by bulk 
landslide motion (23}—from which we can de- 
duce the trajectory of slip and dynamic proper- 
ties. The new algorithm builds on and extends 
established methods used in earthquake analysis 
(12, 16). When applied to one of the largest land- 
slides of 2010, this approach results in a first- 
order characterization of the event (Fig. 1). On 
4 January of that year, our algorithm (/0, 77) auto- 
matically detected a seismic event of long-period 
magnitude Mgw ~ 5.3 at 08:36 GMT and roughly 
located the source in northern Pakistan (table S1). 
None of the international earthquake-monitoring 
agencies ISC, IDC, or NEIC reported this event. 
After anecdotal reports that a major landslide had 
struck the village of Attabad that morning—block- 
ing the Karakoram Highway, damming the Hunza 
River, and causing several fatalities (24)—we in- 
spected long-period waveform data recorded on 
proximal stations and established that the seis- 
mic signal was likely caused by the Attabad slope 
failure. This association was confirmed by our 
inverse model, which provided a more accurate 
source location within 15 km of Attabad and 
which pointed to a direction of motion down to 
the south-southwest, consistent with local reports. 
These reports also indicated a time of failure 
consistent with the seismic detection. 

The estimated time sequence of forces in- 
duced by acceleration of the Hunza-Attabad land- 
slide indicates a roughly sinusoidal sequence 
lasting At ~ 60 s (Fig. 1A). The 3D force vector 
components vary in a synchronous fashion, which 
suggests a consistent azimuth of acceleration and 


Cc 


force history F(t) (LFH) of this event, 
pinning the time of main failure at 
08:37 UT (table S1). (B) The planform 
trajectory of landslide motion deduced 


by doubly integrating the LFH and 
scaling by the runout distance mapped 
in (©. (©) Satellite-image mapping of 
the landslide scar and runout. The es- 
timated centers of the source (“src”) 
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and deposits (“dpo”) are indicated; 0 
their spatial separation was used to 
estimate D,, determine the effective 
mass, and scale the displacement trajectory D(t). 


30 40 50 60 


Time [s] 


20 


10 


22 MARCH 2013 VOL 339 SCIENCE www.sciencemag.org 


deceleration and therefore a linear runout. During 
the first 25 s the force vector points consistently to 
the north-northeast with an upward vertical com- 
ponent, indicating reaction to acceleration of the 
slide mass downhill in the south-southwest direc- 
tion. The subsequent time series reflects reversal 
of the force vector during deceleration, as the 
slide mass approached the bottom of the valley. 

Because the negated force history is equiv- 
alent to the rate of change of bulk landslide mo- 
mentum over time (23), its integration gives the 


bulk momentum over time p() = (mv)(t). This 
time series is constrained to be stationary during 
inversion. Assuming a constant bulk mass m 
over time, further integration gives the mass- 
scaled, 3D vector trajectory of motion mD(t). 
If an independent measure of landslide vol- 
ume or mass m is available, we can divide by 
m to obtain the 3D runout D(f) and compare it 
against terrain data and postfailure imagery to 
test the validity of the inversion results and 
the assumption of constant mass. Alternative- 
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ly, we can estimate the bulk landslide mass by 
comparing the mass-scaled maximum horizontal 
displacement mDy, with a center-of-mass displace- 
ment estimated from terrain data and imagery. 
Using the second approach, illustrated in satellite 
imagery of Hunza-Attabad (Fig. 1C), we esti- 
mated a horizontal center-of-mass displacement of 
940 m, which gave a mass of m ~ 1.4 x 10!! kg 
and the runout path D(A shown in Fig. 1B. Eval- 
uation in the field has estimated the deposited 
volume at ~45 million m? (24), Assuming a debris 
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Fig. 2. Maximum force F,,3, versus (A) long-period surface-wave magnitude 
Mw, (B) mass m, (C) maximum momentum Pmax, (D) maximum acceleration 
Qmax, and (E) potential energy loss AF. Runout duration At versus potential 


Potential energy loss [1 0’ J] 


the 99% level. 


energy loss AE is shown in (F). In (A) to (C), (E), and (F), the solid lines show 
model fits and the dashed lines indicate model mean confidence intervals at 
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Fig. 3. Siachen landslides, September 2010. (A) Pre- and (B) postevent GeoEye 
50-cm-resolution visible and near-infrared imagery of Siachen Glacier landslide com- 
plex. (C) Inferred trajectories for the seven Siachen landslides. The slide origins were 


density of 2400 kg m °, this suggests a source 
mass of ~1.1 x 10'! kg, broadly consistent with 
our estimate. 

We applied the technique of landslide seismic 
detection and source inversion to a total of 29 
events spanning 1980-2012 (table S1). This set 
includes the three largest landslides of the last 33 
years: Mount St. Helens in 1980 (table S1), Kaiapit 
in 1988 (25), and Yigong in 2000 (26). Of these 29 
events, 27 were recorded on global network sta- 
tions and the two smallest—at Fangtinshan/Taimal 
in Taiwan (27) in 2009 and Akatani in Japan (28) 
in 2011—were well recorded on regional net- 
works. By analyzing all 29 landslides in a meth- 
odologically consistent fashion, we generated 
empirical constraints on catastrophic landslide 
dynamics spanning three orders of magnitude of 
failure mass that can be used with confidence in 
analyses of scaling (tables S1 and Fig. 2). 

A practical result is the logarithmic relation- 
ship (Fig. 2A) that we see between the long-period 
magnitude Mgy and the maximum force Fyypx. 
The magnitude estimates span Msy ~ 4.6 to 5.6 
and are available only for the 27 global detec- 
tions. The maximum forces here span Finax ~ 4 * 
10!° to 5 x 10'* N and are typically associated 
with the acceleration phase of the landslide. The 
correlation is strong, suggesting that the maxi- 
mum force can be estimated from the long-period 
magnitude alone (to within a factor of 2) and prior 
to waveform modeling. 

We find a consistent pattern of scaling (Fig. 
2, B to F) among the inferred dynamic proper- 
ties that can be explained with a very simple mod- 
el of slope collapse and acceleration in which a 
single length scale Z determines all the geomet- 
rical properties of the landslide source and its 
acceleration phase (/2). The simple model and 
the inversion results indicate a linear depen- 
dence of landslide mass on maximum force m ~ 
0.54Finax (Fig. 2B). They indicate no scaling 
dependence, but much variability (Fig. 2D), for 
peak acceleration a ~ 2 ms 7. Observed scaling 
dependencies on maximum force match model 
deductions: Peak momentum is Pmax ~ 27F x 46 
(Fig. 2C), potential energy loss is AE = 3. 8 Fnac 


A 


“A 


(Fig. 2E), and runout duration is At ~ 127F max ue 


Similarly, we find dependencies on potential en- 
ergy loss such as At = 110AE"’® (Fig. 2F) and 
Pmax © 10AE”® that accord with the model. To- 
gether our results indicate peak kinetic energy is 
on average about 24% of potential energy loss. 
A practical outcome is that the mass-force rela- 
tion can be combined with the observed scaling 
between magnitude and force to provide an ap- 
proximate means of estimating landslide mass 
(in 10'* kg) from long-period magnitude alone 
as m = 0.54 x 107 2Mew 12, 

Runout duration At and trajectory D(#) in- 
ferred seismically reflect the phase of major height 
drop and thus large force. For some landslides, 
however, particularly for those running onto and 
down glaciers [such as Mount Garmo (29) in 
2001 and Mount Lituya in 2012], a second, longer 
phase of low gradient, likely low-deceleration run- 
out, was mapped on imagery, but not recorded 
in the long-period seismicity. Such long-runout 
events likely indicate unusually low rates of en- 
ergy dissipation as a result of frictional melting 
of glacial ice. 

The most notable, previously undocumented 
landslides we identified are the seven catastrophic 
(Mgw 4.6 to 5.4; table S1) events detected over 
4 days in September 2010 and located in the east- 
er Karakoram. All exhibited the seismic char- 
acteristics of landslides, and none were detected 
by earthquake monitoring agencies. Our inver- 
sions of these events indicate a common runout 
direction of west-west-southwest for all the fail- 
ures, and analysis of multitemporal Landsat im- 
agery (Fig. 3C) identified only one candidate slope 
failure, collapsing onto the Siachen Glacier, con- 
sistent with this time window and geographic 
location. Subsequent mapping using multitem- 
poral GeoEye imagery (Fig. 3, A and B) con- 
firmed multiple failures of the northern flank 
of the valley. 

Unlike the Mount Garmo and Mount Lituya 
events, runout over the Siachen glacier surface 
was relatively short and comparable to the height 
drop. Using the GeoEye imagery, we estimated 
runout for the largest event at D,, ~ 1320 m and 
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chosen to coincide, in order to illustrate the good agreement in average slide direction, 
with some variability in motion in the lower portions of the trajectories. Outlined 
in green and yellow are the approximate source and deposit areas, respectively. 


deduce the failure mass at around m ~ 1.9 x 
10'! kg and maximum acceleration of 2.2 m s °. 
Because the other six events could not be tied 
to runout patterns in the imagery, we assumed 
the same maximum acceleration to calibrate their 
landslide force history (LFH) inversions, yield- 
ing estimates of failure masses ranging from m ~ 
1.1 x 10'° kg to 1.4 x 10"! kg. 

This sequence of massive landsliding is an 
example of progressive slope failure involving 
multiple collapses of bedrock volumes each ex- 
ceeding 10° to 10’ m*, Although it is recognized 
that episodes of massive mass-wasting often com- 
prise a hierarchy of individual landslide events, 
repeated similar-scale failures of the same moun- 
tain slope over mere days are more difficult to 
explain. In our catalog of inversions, only the 
paired Randa events (30) in 1991 involve close- 
ly repeated failure of a similar scale at the same 
location. Were it not for the seismic detection, 
force inversion, and satellite-image mapping used 
here, the Siachen Glacier landslide deposit would 
likely be falsely interpreted as the composite of 
one or two extremely large failures. What is more, 
given its remote location, it would likely have 
gone undetected for some time. 
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Two Modes of Change in Southern 
Ocean Productivity Over the 


Past Million Years 


S. L. Jaccard,? C. T. Hayes,’ A. Martinez-Garcia,? D. A. Hodell,? R. F. Anderson,”’° 


D. M. Sigman,’ G. H. Haug? 


Export of organic carbon from surface waters of the Antarctic Zone of the Southern Ocean 
decreased during the last ice age, coinciding with declining atmospheric carbon dioxide (CO2) 
concentrations, signaling reduced exchange of COz between the ocean interior and the 
atmosphere. In contrast, in the Subantarctic Zone, export production increased into ice ages 
coinciding with rising dust fluxes, thus suggesting iron fertilization of subantarctic phytoplankton. 
Here, a new high-resolution productivity record from the Antarctic Zone is compiled with parallel 
subantarctic data over the past million years. Together, they fit the view that the combination of these two 
modes of Southern Ocean change determines the temporal structure of the glacial-interglacial 
atmospheric COz record, including during the interval of “lukewarm” interglacials between 


450 and 800 thousand years ago. 


ntarctic ice core measurements reveal that 
Az air temperatures and atmospher- 

ic CO concentration (pCO ) were tight- 
ly correlated over glacial-interglacial cycles of the 
past 800 thousand years (ky) (7). Many studies 
have inferred a dominant role for the Southern 
Ocean in modulating glacial-interglacial varia- 
bility of atmospheric pCO, (2). The central role 
of the Southern Ocean is thought to reflect its 
leverage on the global efficiency of the biolog- 
ical pump, in which the production, sinking, and 
deep remineralization of organic matter seques- 
ters carbon in the ocean interior, lowering at- 
mospheric CO . Dense subsurface water masses 
outcrop in the Southern Ocean, providing ex- 
change pathways between the deep ocean and 
the atmosphere. Vertical exchange of water causes 
deeply sequestered CO, and nutrients to be mixed 
to the surface, fueling high rates of phytoplank- 
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ton productivity. Today, the Southern Ocean is 
the principal leak in the biological pump, be- 
cause export production is inadequate to prevent 
the evasion of deeply sequestered carbon when 
waters are exposed to the atmosphere. The polar 
CO, leak can be directly inhibited during gla- 
cial stages by factors such as increased sea-ice 


f [ODP 1094) 


cover (3) and/or changes in buoyancy forcing 
and convection (4, 5). In addition, the glacial 
CO, reduction associated with these mecha- 
nisms would have been amplified by iron fer- 
tilization of the Subantarctic Zone (SAZ) of the 
Southern Ocean (6, 7) and associated alkalinity 
feedbacks (8). 

Export production records from the Ant- 
arctic Zone (AZ) have been used to trace changes 
in the rate of Southem Ocean overturning through 
time (9, 10). However, these records only cover 
the last glacial cycle, restricting our understand- 
ing of the evolution of the Antarctic compo- 
nent of this two-mode system by which the 
Southern Ocean regulates the transfer of car- 
bon between the ocean interior and the at- 
mosphere over previous climatic cycles. Here, 
we report a high-resolution relative elemental 
concentration record from Ocean Drilling Pro- 
gram (ODP) site 1094 (53.2°S, 05.1°E; water 
depth 2850 m) (Fig. 1), which traces changes 
in AZ export production over the past million 
years (figs. S1 and S2). The time resolution 
achieved here rivals the measurement density 
typical for Antarctic ice-core records. These ob- 
servations are complemented with reconstruc- 
tion of *°Th-normalized biogenic particle flux 
to the seafloor covering the last two glacial ter- 
minations (Fig. 2). 


30 Fig. 1. Core locations shown on 
the January to March SST field. 
The black line delineates maxi- 
mum winter sea-ice extent (using 
the 90% winter sea-ice concen- 
tration line) based on the Hadley 
Center sea-ice concentration data 
for 1978 to 2010 (34). 
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The pelagic sediment analyzed in this study 
is dominantly composed of diatomaceous opal 
and terrigenous detritus, the latter of which is 
mostly ice-rafted, with a minor contribution from 
aeolian material (/7). Assuming that sedimenta- 
ry iron (Fe) is of detrital origin, barium (Ba) 
abundance normalized to Fe yields an estimate 
of the sedimentary concentration of biogenic 
(or excess) Ba (bioBa), which serves as a tool 
to reconstruct changes in the integrated flux of 
organic matter to the sediment (/2). Normal- 
ization by Fe assumes that the detrital fraction 
has not varied substantially in space and time, 
supported by provenance studies, indicating 
that the tephra-rich terrigenous material at this 
site is consistently derived from the South Sand- 
wich volcanic arc, with negligible contribution 
from Bouvet Island and possibly the Antarctic 
Peninsula (//). Calcium (Ca) normalized to Fe 
indicates the sedimentary concentration of bio- 
genic carbonate (CaCO3). The records of Fe 
and Ti show almost identical trends in ampli- 
tude, but x-ray fluorescence signals are better 
for Fe, which is thus used for normalization. In 
these opal-rich sediments, elemental spectrum 
processing does not allow proper quantifica- 
tion of Al because of the overlapping Si peaks, 
precluding the use of Al as a normalizing agent. 

The Ba/Fe record shows a strong climate- 
related signal (Fig. 3C), with high values during 
interglacials and lower values during cold stages. 
The Ba/Fe record is in good agreement with 
the 7°°Th-normalized flux of bioBa (Fig. 2C), 
supporting the use of Ba/Fe to infer bioBa through- 
out the record. The large-scale Ba variations 
cannot be explained as the result of bacterially 
mediated sulfate reduction and associated dia- 
genetic barite (BaSO,) dissolution because no 
substantial sulfate reduction is observed in the 
interstitial water of the Pleistocene sediments of ODP 
site 1094 (13). Indeed, the **°Th-normalized flux 
of bioBa is similar to that of opal and chlorophyll 
transformation products (chlorins) measured in 
the same sediment core (Fig. 2). Preservation of 
these independent paleo-productivity proxies is 
favored in different sedimentary environments. 
Whereas the preservation of bioBa can be com- 
promised by reducing conditions, the preserva- 
tion of organic matter in general, and chlorins in 
particular, is enhanced when oxygen content is 
low (/4). The preservation of opal is unrelated to 
the redox state of sediments but is primarily 
driven by the total sedimentation rate (/5). The 
correlation between opal fluxes and excess 
°31a/?°Th at the same core site during the past 
25 ky (9) and the correlation between opal 
fluxes and bioBa over the past 150 ky reported 
here indicate that the reconstructed opal fluxes 
most likely represent variable production by 
diatoms. 

Consequently, the sedimentary Ba/Fe is in- 
terpreted to indicate lower bioBa accumulation 
and thus less export of organic matter from the 
surface ocean during cold periods, with the 
lowest bioBa concentrations coinciding almost 


exclusively with the glacial maxima, consistent 
with measurements elsewhere in the Southern 
Ocean, south of the polar frontal zone (/6) (fig. 
S3). Sea ice has the potential to directly alter 
export production by blocking sunlight vital for 
phytoplankton to undertake photosynthesis; how- 
ever, sea ice was only present at this site during 
the winters of glacial periods (/7), not during 
the summer growing season. Rather, changes in 
export imply a reduced supply of nutrients to 
the surface ocean. Phytoplankton growth is in- 
hibited by the lack of bioavailable Fe in most 
parts of the Southern Ocean. Vertical mixing 
and upwelling (rather than atmospheric fluxes) 
appear to dominate the supply of Fe to the Ant- 
arctic surface ocean at present (/8). Thus, the 
glacial decrease in productivity may have been 
driven by a reduction in this deep-water—derived 
iron supply. 


Although various physical mechanisms have 
been proposed for a reduction in this deep-water 
exposure, they all involve reduction of wind- 
driven upwelling, wintertime vertical mixing, or 
both (4, 5, 19). Upwelling could be lowered by 
weaker westerlies and/or by a more northerly 
position for them, whereas wintertime vertical 
mixing is sensitive to upper ocean density strat- 
ification. Various processes can affect this strat- 
ification, including upwelling, which strips away 
the freshwater cap (halocline) that maintains 
vertical stability. 

Of the nitrate imported into the Antarctic sur- 
face today, only a portion derives from Ekman 
upwelling, with the remaining deriving from 
wintertime vertical mixing (20). Given that the 
data suggest many-fold lower export production 
during peak ice ages, we infer that these changes 
in productivity likely require both a reduction 


Fig. 2. Biogenic particle flux re- 
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constructed by 7°°Th normaliza- 
tion for four independent proxies 
covering the last two glacial 
terminations. Discrete measure- 
ments for the last 25 ky were per- 
formed on core TN-57-13PC. (A) 
Atmospheric pCO, (2, 35). (B) Com- 
parison between CaCO3 flux and 
Ca/Fe. (C) Comparison between 
bioBa flux and Ba/Fe. (D) Chlorin 
flux. (E) Biogenic opal flux. Blue 
shadings highlight ice ages, where- 
as red shadings indicate intergla- 
Cials. The two arrows highlight the 
two-step transition into ice ages. 
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in wind-driven upwelling and an increase in 
density stratification. This is important in that the 
latter change would affect deep-water formation, 
through which the Antarctic has its greatest di- 
rect leverage on atmospheric CO, (2/, 22). 
Upon glacial terminations, large pulses of 
export production coincide with prominent in- 
creases in atmospheric CO, concentrations re- 
constructed from Antarctic ice cores (Figs. 2 
and 3). Flux determinations of three indepen- 
dent export production proxies suggest that the 
export of organic matter increased by more than 
an order of magnitude across the two last cli- 
mate transitions (Fig. 2). Reconstruction of past 
silicon and nitrogen dynamics suggests that rel- 
ative nutrient utilization did not rise sharply at 
the last glacial termination (23), such that the 
rise in bioBa and opal fluxes was a response to a 
large increase in the nutrient supply to the euphotic 
zone. These increases in export were accompa- 
nied by summer sea surface temperature (SST) 
overshoots and abrupt disappearances of win- 
ter sea ice (17). Summer SSTs increased by more 
than 4°C in less than 5 ky for the last five glacial 
terminations (/7). Although the sequence of de- 
glacial events remains to be resolved (9), the sys- 


Fig. 3. Records of (A) at- 


tematic and repeated glacial-to-interglacial rises in 
biogenic flux (Fig. 3) point to a robust pattern 
of enhanced Southern Ocean overturning during 
interglacials. 

Moreover, we show that these glacial-to- 
interglacial export production increases were ac- 
companied by short-lived CaCO; spikes in these 
otherwise carbonate-poor sediments (Fig. 3D). 
We note that the preservation spike observed for 
the last glacial termination is muted at this site, 
for reasons that remain unclear. The near ab- 
sence of CaCO; in most of the record suggests 
that seafloor preservation of the CaCO; rain 
regulated the bimodal character of the record. 
Although intervals with higher sedimentary 
CaCO; concentrations could in principle reflect 
increased local CaCO; export, the abrupt in- 
creases and the transient nature of the CaCO; 
spikes compared with export production proxies 
argue instead for a transient deepening of the 
lysocline, as expected if CO, was lost from deep 
waters at this time. 

The decrease in deep-water exposure after 
peak interglacial conditions, indicated by declin- 
ing export production, leads to pCO, reduction, 
and this mechanism appears to apply in partic- 
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ular to the early stages of glaciation. As a general 
tule, elevated Antarctic export occurs during the 
peak interglacials, giving way to a major decline 
in the early stages of glaciation (Fig. 3 C), coin- 
ciding with the first half of the CO decline into 
each glacial period, 40 to 50 parts per million 
(ppm) (Fig. 3A, reaching ~225 ppm). Remark- 
ably, this is a similar, if slightly greater, reduc- 
tion than is estimated by numerical models for 
the CO, decline that should result from a strong 
reduction in Antarctic overturning (2/, 24). Al- 
though further declines in Antarctic export pro- 
duction occur later in the glacial progression 
(Fig. 3C), the associated CO, reduction asso- 
ciated with this mechanism should have near- 
ly saturated (2). However, based on data from 
ODP Site 1090 in the SAZ to the north of ODP 
Site 1094, it appears that the later stages of 
glaciation and climate cross a threshold at which 
the SAZ undergoes a dramatic rise in produc- 
tivity (Fig. 3F) (6, 25) coincident with increased 
dust-bome iron supply to the SAZ from conti- 
nental regions upstream in the westerly wind 
field (Fig. 3E) (7). Iron fertilization in the SAZ 
would have permitted biological productivity in 
this region to sequester additional regenerated 


Lukewarm interglacials 


mospheric pCO> (2), (B) i 
ODP 1094 planktic fora- A 
minifera 5"°O (36, 37), (© 
ODP 1094 Ba/Fe (data 
smoothed by a five-point 
running mean), (D) ODP 
1094 Ca/Fe (data smoothed 
by a five-point running 
mean), (E) Fe flux to sub- 
antarctic core ODP 1090 
(7), and (F) ODP 1090 sed- 
imentary alkenone con- 
centration (25) covering 
the past 1 million years. 
Red and blue shadings 
highlight intervals where 
AZ/SAZ processes, respec- 
tively, are dominantly con- 
trolling the partitioning of 
CO, between the ocean in- 
terior and the atmosphere. 
During glacial inceptions, 
the first half of the pCO, 
reduction is essentially ac- 
complished by decreasing 
vertical mixing and upwell- 
ing in the AZ (red shading). 
The second portion of the 
pCO, reduction (blue shad- 
ings), initiated around 225 
parts per million by volume 
(ppmv), is achieved by 
enhancing carbon seques- 
tration resulting from in- 
creased Fe fertilization in 
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carbon in the abyssal ocean, which would have 
further lowered atmospheric CO, (/6, 26). It is 
again notable that numerical model simulations 
of subantarctic iron fertilization predict roughly 
the observed CO declines of ~40 ppm that oc- 
cur later in the glacial progressions (2/, 24, 26). 
In the modern ocean, there is upper ocean mix- 
ing across the fronts separating the AZ and the 
SAZ (27). Thus, during peak ice conditions, iron 
fertilization in the SAZ may have further de- 
pleted the AZ of surface nutrients, contributing 
to the continued decline of AZ export produc- 
tion to its glacial minimum. In any case, it is a 
remarkable characteristic of the two records that 
the SAZ biological response begins when AZ 
productivity has reached the lower half of its 
range (Fig. 3, C and F), with relatively little cor- 
related variation between the AZ and SAZ (Fig. 4), 
and that the major changes in each correspond 
to roughly half of the observed CO, variation 
(Fig. 4). In summary, the paleoceanographic 
records from both the AZ and SAZ merge with the 
numerical model estimates of the Southern Ocean 
to provide a coherent two-part Southern Ocean 
mechanism for the amplitude and timing of gla- 
cial interglacial CO, change. 

The potential for these two modes of the 
Southern Ocean to have different roles in glacial- 
interglacial CO change, first recognized in the 
context of the last glacial cycle (2, 16), is bol- 
stered by the data reported here for the period of 
the “lukewarm” interglacials [marine isotope 
stage (MIS) 13 to 19]. The lukewarm intergla- 
cials are characterized by reduced amplitude of the 


ice-core 6D and CO, records (Fig. 3) and a general 
decrease in global interglacial temperatures that 
appears to be more pronounced in Southern Ocean 
SST records (28). Given the potential dependen- 
cies of westerly wind position (29) and polar ocean 
water-column stability (30) on global tempera- 
ture, the muting of the pCO, increase during the 
lukewarm interglacials might have been linked to 
a reduced dynamic range of Antarctic overturning, 
with the abyssal ocean thereby maintaining a larger 
reservoir of regenerated carbon than in more 
recent interglacials (3/). This hypothesis is sup- 
ported by the Antarctic Ba/Fe record (Fig. 3C), 
which shows markedly reduced amplitude for 
the Ba/Fe maxima associated with the lukewarm 
interglacials (Fig. 4, squares with open circles 
along the x axis). Furthermore, this interval also 
generally has reduced deglacial CaCO; peaks 
(Fig. 3D), which would suggest that proportion- 
ally less CO, was released from the deep ocean. 
The expression of interglacials in the SAZ record 
is indistinguishable between the period containi- 
ng the lukewarm interglacials and the rest of the 
record (Figs. 3 and 4) (7, 25), suggesting that the 
cessation of SAZ iron fertilization occurred dur- 
ing the lukewarms as in other interglacials. 

In contrast to the lukewarm interglacials, MIS 
21 and 25 were characterized by full-amplitude 
export production peaks in the AZ accompanied 
by large CaCO; preservation events, suggesting 
an increase in upwelling and deep-ocean CO, 
release during glacial terminations X and XI 
(Fig. 3), consistent with planktic foraminiferal 
pH estimates that suggest that both interglacials 
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Fig. 4. Comparison between ODP 1094 Ba/Fe and ODP 1090 sedimentary alkenone concentration 
(25). Symbol color indicates pCO. Filled circles illustrate the period 0 to 450 ky, filled squares the 
lukewarm interval (450 to 800 ky), and the open squares the interval 800 to 1000 ky, for which ice 


core pCO, data do not yet exist. 


had pCO, values as high as recent interglacials 
(32). This observation further argues that the 
subsequent lukewarm interglacials represented 
a distinct period. Our observations thus indi- 
cate a strong coupling between Antarctic deep- 
to-surface exchange and the magnitude of the 
CO, release from the ocean interior, which is 
consistent with observed changes in atmospher- 
ic pCO, even beyond the interval covered by 
the Antarctic ice-core records. 

There is much uncertainty and debate re- 
garding the response of Southern Ocean over- 
turning to ongoing global warming, as well to 
its impact on the oceanic uptake of anthropo- 
genic CO (33). The paleoclimate data reported 
here argue strongly for a robust sensitivity of 
Antarctic overturning to global climate, in which 
overturning increases under warmer conditions. 
As the physical mechanism of this coupling is 
not yet clear, one cannot be confident that it will 
apply on the decadal to centennial scale and under 
the specific conditions of anthropogenic global 
warming. Nonetheless, the finding of stronger 
overturning under warmer climates, taken at face 
value, suggests a similar sense of change for the 
warmer future ocean. 
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Emergence and Diversification of Fly 
Pigmentation Through Evolution of 
a Gene Regulatory Module 


Laurent Arnoult,* Kathy F. Y. Su,* Diogo Manoel,* Caroline Minervino, Justine Magrina, 


Nicolas Gompel,t Benjamin Prud‘hommet 


The typical pattern of morphological evolution associated with the radiation of a group of 
related species is the emergence of a novel trait and its subsequent diversification. Yet the 
genetic mechanisms associated with these two evolutionary steps are poorly characterized. Here, 
we show that a spot of dark pigment on fly wings emerged from the assembly of a novel gene 
regulatory module in which a set of pigmentation genes evolved to respond to a common 
transcriptional regulator determining their spatial distribution. The primitive wing spot pattern 
subsequently diversified through changes in the expression pattern of this regulator. These 
results suggest that the genetic changes underlying the emergence and diversification of wing 
pigmentation patterns are partitioned within genetic networks. 


hether emergence and diversifica- 
tion of morphological traits both occur 
through changes at the same tier of a 
gene regulatory network is currently an open ques- 
tion in evolutionary biology. We addressed this 
question by studying a wing pigmentation pattern 
that evolved recently in the Drosophila melano- 
gaster group. Although this male-specific wing spot 
assumes different shapes, colors, and intensities 
among species (Fig. | and fig. $1), phylogenetic 
reconstruction indicates that it emerged only once 
in this lineage and subsequently diversified (/). 
We examined the expression pattern of yellow 
(y), a gene required for the production of black 
pigment patterns, including the wing spot (2). Yel- 
low distribution in the wing of pupae or young 
adults precisely foreshadows the adult pigmen- 
tation pattern in the various species we studied 
(Fig. 1), suggesting that understanding the evolu- 
tion of y expression patterns would illuminate 
how the wing spot appeared and diversified. The 
wing spot expression pattern of y in D. biarmipes, 
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a wing-spotted species, is encoded by an evolu- 
tionarily derived cis-regulatory element (CRE) of 
the yellow locus (2), the spot CRE [hereafter re- 
ferred to as y spot”“°”? (3)]. Therefore, to de- 
cipher how the wing spot expression of y is 
spatially regulated, we sought to identify the tran- 
scription factors controlling the localized activity 
of the y spot”*/"° CRE, a minimal version of y 
spot”°” CRE with a similar activity (2). 

The y spot”! CRE is functional in D. mel- 
anogaster wing, and we used its transcriptional 
activity as a readout in an RNA interference 
(RNAj) screen targeting selected genes to iden- 
tify its transcriptional activators. With this func- 
tional screen of the ~350 transcription factors 
expressed in a D. melanogaster late pupal wing 
(table S1), we identified a handful of candidates 
(fig. S2). Among five candidate activators, Distal- 
less (Dil) first caught our attention because of its 
well-defined role in wing patterning. When Dil is 
down-regulated, the activity of the y spot?!” 
CRE is severely affected (Fig. 2, A and B, and 
fig. S2C). Reciprocally, we overexpressed DIl 
throughout the wing, which resulted in an in- 
crease and an expansion of the y spot?"/*° ac- 
tivity (Fig. 2C). These genetic manipulations 
reveal that Dil is both necessary and sufficient 
to control the activity of the y spot”/°° CRE ina 
D. melanogaster context. 


By scanning the spot?"/”° CRE, we identified 
several putative Dll binding sites. We tested the 
ability of DIl to bind these sites in vitro (fig. S3, A 
and B) and, thus, discovered that Dll can phys- 
ically interact with four of them. Mutations of 
these sites preventing Dll binding in vitro also 
impaired the activity of the y spot’"/*° CRE 
in vivo (Fig. 2D and fig. S3C). Of note, the same 
mutations also abolish the y spot”"’** response 
to Dll overexpression (fig. S3D). Together, these 
results indicate that the y spot”"“’*° CRE contains 
multiple binding sites for Dll and suggest that the 
evolution of a regulatory link between Dil and 
yellow was essential for the emergence of the 
wing spot. 

The results obtained in D. melanogaster stim- 
ulated the investigation of the role of Distal-less 
in wing pigmentation pattern formation in D. 
biarmipes. We established a loss-of-function as- 
say based on the expression of artificial short hair- 
pin microRNA (shRNA) (4) and validated the 
system in D. biarmipes by silencing yellow in 
the pupal wing (fig. S5, A and C), which pheno- 
copies a y mutant. The down-regulation of Dll, 
using the same shRNA approach, resulted in a dra- 
matic reduction of the pigmentation spot (Fig. 3, 
A and B, and fig. S4, A to D); however, the uni- 
form gray shading of the wing was not affected. 
Reciprocally, the overexpression of Dll through- 
out the wing yielded ectopic pigmentation across 
the wing (Fig. 3, A and C, and fig. S4, E to G 
and J). Together, these results establish that D// 
plays an essential role in wing spot formation in 
D. biarmipes. 

To test the specificity of the effect of D// on 
wing spot pattern formation in D. biarmipes, we 
first examined the other transcription factors iden- 
tified in our RNAi screen. Contrary to Dil, none 
of the candidates that we overexpressed across 
the wing were sufficient to induce ectopic pigmen- 
tation (fig. S4, H to M). These results highlight 
the specific role of D// in the wing pigmentation 
spot formation. Second, we ectopically expressed 
DIl in the wing of the nonspotted species D. 
ananassae, a species with an ancestral pattern 
predating the wing spot evolution (Fig. 1) (/). In 
this species, Di/ overexpression had no effect on 
wing pigmentation (fig. S6G), suggesting that the 
regulatory interactions between Dll and down- 
stream pigmentation genes are absent. Consistent 
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with this, y spot?"“°” CRE activity (Fig. 3, D to 
F), y mRNA level (fig. S6), and Yellow distribu- 
tion (fig. S5, B, E, and F) all respond to Dil ex- 
pression changes in a D. biarmipes wing, whereas, 
in contrast, all remain unaffected when Di// is 
overexpressed in D. ananassae (fig. S6). Togeth- 
er, these results indicate that the regulatory link 
between DIl and yellow in the wing probably 
evolved in the common ancestor of wing-spotted 
species, after the divergence with the D. ananassae 
lineage. 

The evolutionary co-option of Dll by yellow 
in the wing was presumably an essential step in 
the emergence of the wing spot, but it was cer- 
tainly not solely sufficient for the pigmentation 
pattern to appear. The wing spot of the D. biarmipes 
yellow mutant shifts from black to light beige, but 
its shape remains unaffected (fig. SSC), indicat- 
ing that at least one additional pigmentation gene 
is involved. This is consistent with the view that 
black pigment deposits result from multiple en- 
zymatic activities (2, 5). We therefore hypoth- 
esized that during evolution, Dil became a key 
regulator controlling the shape of the wing pig- 
mentation spot by coordinating the spatial deploy- 
ment of several enzymatic activities. Overexpression 
of Dil throughout the wing of a D. biarmipes 
yellow mutant resulted in the expansion of the 
light beige color (fig. SSD), suggesting that D// is 
governing the spatial distribution of multiple pig- 
mentation genes. Hence, we tested whether Dil 
regulates ebony, a pigmentation gene whose ex- 
pression pattern correlates with the wing spot shape 
in D. biarmipes (2). In wild-type (WT) males, ebony 
expression is repressed in the presumptive wing 
spot area (Fig. 3G). When Dil expression is down- 
regulated, ebony is no longer repressed in the spot 
area (Fig. 3H), whereas reciprocally, Dil over- 
expression reduces the ebony expression level 
across the wing (Fig. 31). These results show that 
Dil controls the spatial distribution of ebony in 
the wing. More generally, our findings suggest 
that the wing spot emergence was brought on by 
the evolution of regulatory links between Dll and 
multiple pigmentation genes. 

The wing spot diversified in shape and in- 
tensity among species of the D. melanogaster 
lineage (fig. S1), and Yellow distribution mirrors 
this diversification (Fig. 1). We therefore asked 
how yellow expression has changed among wing- 
spotted species. We noticed that the y spot?*°” 
CRE precisely recapitulates the native y distribu- 
tion in D. biarmipes (Fig. 3D), but not in D. 
melanogaster (Fig. 2A) (2). This difference in- 
dicates that some trans-acting factors have likely 
diverged between the two species. As Dll is an 
activator of the y spot”*°”? CRE, we compared 
its expression pattern between D. melanogaster 
and D. biarmipes. Dll is expressed in a gradient 
pattern in the wing blade around the margin during 
early pupal development in D. biarmipes (fig. S7, 
A and B), suggesting a conserved role in early 
wing development (6). However, ~30 hours after 
puparium formation, when the wing patterning 
is complete, Dll expression diverges between 


pigmentation Yellow Fig. 1. A spot of black 
= pigmentation (left) on 
me male Drosophila wings 


assumes various shapes 
among species. These 
variations are precisely 
prefigured by the dis- 
tribution of the Yellow 
protein (right) in the 
wing of young adults. 
The phylogenetic rela- 
tionships of these spe- 
cies are indicated to the 
left. Arrowheads high- 
light subtle variations 
between closely related 
species. 
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Fig. 2. In. aD. melanogaster pupal wing, the activity of a spot”™2"*-reporter construct (A) is severely impaired when 
the transcription factor Dll is depleted (B) and enhanced when DIl is overexpressed (C). The effect mediated by Dll 
down-regulation (B) is mirrored by the mutation of Dll binding sites in the spot" CRE (D). The diagrams represent 
the spot496 CRE and the localization of the Dll binding sites (gray boxes) and the mutated sites (crossed boxes). 
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Fig. 3. Compared with the wild type (A), Dll down-regulation reduces the intensity of the pigmentation 
spot in D. biarmipes (B), whereas, conversely, the overexpression of Dll results in ectopic pigmentation 
across the wing (C). These effects are reflected in the activity of the yellow spot biae7e -reporter construct 
(D to F), which is reduced when Dll is knocked down and expanded when DIl is overexpressed. They are 
also reflected in the expression of ebony, in a reciprocal manner (G to I). Note that the activity of 
spot’'°”> in a WT D. biarmipes context (D) precisely prefigures the native Yellow distribution and the 
shape of the pigmentation spot. Arrowheads in (G) to (I) indicate the boundaries of ebony distribution in 
the presumptive spot area in the wild type. 
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Fig. 4. (A) Differences in Dll distribution among species correlate with the shape of the spot (arrowheads 
indicate subtle spatial differences in the pigmentation patterns between D. biarmipes, D. elegans, and D. 
pulchrella prefigured by Dll distribution divergence). (B) A regulatory model of the emergence and di- 
versification of the wing spot. The evolutionary transition from unspotted [(1), similar to D. ananassae] to 
spotted species [(2), similar to D. rhopaloa] required the assembly of a new genetic module. Subsequently, the 
spatial distribution of this module diversified through changes in Dll regulation, thereby creating different 
wing pigmentation patterns (3). The blue color indicates the evolution of new regulatory links in (2) and 
changes in Dll regulation in (3). Wings in (A) are at ~33% of pupal development. y, yellow; e, ebony. 
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the two species. Although in D. melanogaster Dll 
remains expressed in a gradient from the wing 
blade (fig. S7, K and L), in D. biarmipes a dis- 
tinct expression pattern element prefiguring the 
shape of the pigmentation spot becomes visi- 
ble (Fig. 4 and fig. S7, C to G). Therefore, y 
spot’'#675 CRE activity follows the spatial distri- 
bution of Dil in both D. melanogaster and D. 
biarmipes, reinforcing that Dll dictates the spatial 
distribution of yellow in the wing. Importantly, the 
spatially restricted expression pattern of DIl in 
D. biarmipes contrasts with the uniform distri- 
bution of other candidate transcription factors 
identified in our screen (fig. S7, I and J). These 
observations support the notion that Dll governs 
the spatial regulation of pigmentation genes in- 
volved in the wing spot formation. 

As DIl pupal wing expression has changed 
between D. melanogaster and D. biarmipes and 
because Dil controls the spatial distribution of the 
pigmentation genes necessary to produce black 
pigment, we asked whether the diversification of 
Dll expression could account for the various wing 
pigmentation patterns among wing-spotted spe- 
cies in the D. melanogaster lineage. We found 
that, in all cases, the expression pattern of Dll 
predicts Yellow distribution and the adult pig- 
mentation pattern at the wing tip (Fig. 4A and fig. 
S7H). These results suggest that the divergence 
of Dll wing expression pattern drives the diver- 
sification of wing pigmentation patterns in the 
D. melanogaster lineage. 

On the basis of these results, we propose that 
the wing spot emerged through the independent 
and likely progressive recruitment by several pig- 
mentation genes of multiple transcriptional reg- 
ulators (2, 7), including Dll as a common spatial 
coordinator (Fig. 4B), probably through the evo- 
lution of binding sites for Dll in cis-regulatory 
sequences of these genes. These new regulatory 
links between Dll and the pigmentation genes 
created a novel genetic module sufficient for the 
formation of a primitive wing spot pattern. Sub- 
sequently, this module was deployed in various 
spatial patterns in the wings of different species 
through changes in Dil distribution, thereby creat- 
ing diverse wing pigmentation patterns. 

This work illustrates how a transcription fac- 
tor governing several effector genes to form a 
morphological trait has become a privileged ge- 
netic target to modify the spatial pattern of this 
trait during evolution (8). A similar logic may ap- 
ply generally to the numerous morphological pat- 
terns that vary spatially between related species 
(S12): The emergence of these morphological 
novelties may result from the evolutionary modi- 
fications of effector genes, whereas their spatial 
diversification involves the redeployment of up- 
stream patterning genes. 


References and Notes 

1. B. Prud‘homme et al., Nature 440, 1050 (2006). 

2. N. Gompel, B. Prud’homme, P. J. Wittkopp, V. A. Kassner, 
S. B. Carroll, Nature 433, 481 (2005). 

3. See the materials and methods and other supplementary 
materials on Science Online. 


www.sciencemag.org SCIENCE VOL 339 22 MARCH 2013 


Downloaded from www.sciencemag.org on March 21, 2013 


1425 


REPORTS 


1426 


4. B. Haley, D. Hendrix, V. Trang, M. Levine, Dev. Biol. 321, 
482 (2008). 

5. J. R. True, K. A. Edwards, D. Yamamoto, S. B. Carroll, 
Curr. Biol. 9, 1382 (1999). 

6. G. Campbell, A. Tomlinson, Development 125, 4483 (1998). 

7. B. Prud'homme, N. Gompel, S. B. Carroll, Proc. Natl. 
Acad. Sci. U.S.A. 104 (suppl. 1), 8605 (2007). 

8. D. L. Stern, V. Orgogozo, Science 323, 746 (2009). 

9. A. Abzhanov, M. Protas, B. R. Grant, P. R. Grant, 
C. J. Tabin, Science 305, 1462 (2004). 

10. P. M. Brakefield et al., Nature 384, 236 (1996). 

11. S. Marcellini, P. Simpson, PLoS Biol. 4, e386 (2006). 

12. R. D. Reed et al., Science 333, 1137 (2011). 


Acknowledgments: We thank A. Kopp, S. B. Carroll, 
J. David, R. Mann, A. Mazo, M. Yamaguchi, and the 
Vienna Drosophila RNAi Center (VDRC, Vienna), 
Bloomington (Indiana), National Center of Genetics 
(Kyoto), and San Diego Drosophila Stock Centers for 
flies and antibodies; A. Polette and L. Mille for 
developing a custom quantification program for wing 


pigmentation; J.-L. Mari for advice on programming; 

G. Storelli for help with cloning; A. Defaye for qPCR 
guidance; J.-Y. Sgro for microarray analysis; A. Kopp, 

F. Leulier, and J. Cande for helpful comments on the 
manuscript; Flybase for information support; and Le Calendal 
for logistical support. L.A. and K.F.Y.S. were supported by 
fellowships from the French government (Ministére de la 
Recherche de l'Enseignement Supérieur), D.M. by the 
Portuguese Foundation for Science and Technology (Fundagao 
para a Ciéncia e a Tecnologia) and the GABBA graduate 
program, and K.F.Y.S. by the Fondation ARC pour la 
Recherche sur le Cancer. This work was funded by a 

EURYI award, a Human Frontier Science Program Career 
Development Award, the Agence Nationale de la Recherche, 
the France-Berkeley Fund, the Fondation Schlumberger pour 
(‘Enseignement et la Recherche, and the CNRS. RNAi lines 
from the VDRC are covered by a Materiels Transfer Agreement. 
The microarray data set is accessible in the National Center for 
Biotechnology Information Gene Expression Omnibus 
database (accession no. GSE43673). Author contributions: 
B.P. and N.G. conceived the project; all authors designed 


the experiments; K.F.Y.S. and D.M. performed the RNAi 
screen; K.F.Y.S., D.M., and L.A. did the antibody stainings; 
K.F.Y.S., L.A., D.M., C.M., and B.P. cloned the molecular 
constructs; and D.M. and B.P. ran the biochemistry 
experiments. L.A. designed and carried out the shRNA 
experiments in D. biarmipes, did the qPCR analysis, 
optimized transgenesis, and developed the wing-peeling 
technique. L.A. and N.G. quantified the effects on pigmentation; 
K.F.Y.S., LA., D.M., J.M., N.G., and B.P. made transgenic 
flies; L.A., N.G., and K.F.Y.S. took the images; all authors 
analyzed the data; and B.P. and N.G. wrote the paper, with 
feedback from L.A. and the other authors. 


Supplementary Materials 
www.sciencemag.org/cgi/content/full/339/6126/1423/DC1 
Materials and Methods 

Figs. $1 to $8 

Tables $1 and $2 

References (13-29) 


6 December 2012; accepted 25 January 2013 
10.1126/science.1233749 


Structural Reorganization of the 
Toll-Like Receptor 8 Dimer Induced 
by Agonistic Ligands 


Hiromi Tanji,”2* Umeharu Ohto,*?* Takuma Shibata,? Kensuke Miyake,” Toshiyuki Shimizu? 


Toll-like receptor 7 (TLR7) and TLR8 recognize single-stranded RNA and initiate innate immune 
responses. Several synthetic agonists of TLR7-TLR8 display novel therapeutic potential; however, 
the molecular basis for ligand recognition and activation of signaling by TLR7 or TLR8 is largely 
unknown. In this study, the crystal structures of unliganded and ligand-induced activated human 
TLR8 dimers were elucidated. Ligand recognition was mediated by a dimerization interface formed 
by two protomers. Upon ligand stimulation, the TLR8 dimer was reorganized such that the two 

C termini were brought into proximity. The loop between leucine-rich repeat 14 (LRR14) and LRR15 
was cleaved; however, the N- and C-terminal halves remained associated and contributed to ligand 
recognition and dimerization. Thus, ligand binding induces reorganization of the TLR8 dimer, 


which enables downstream signaling processes. 


of pattern-recognition receptors that rec- 

ognize microbial components and initiate 
subsequent immune responses (/). TLRs recog- 
nize multiple pathogen-associated molecular pat- 
terns and are expressed predominantly on cells of 
the immune system, such as macrophages, den- 
dritic cells, neutrophils, and monocytes (2). Both 
TLR7 and TLR8 are involved in the recognition 
of single-stranded RNA (ssRNA) from various 
viruses (3—7), as well as small interfering RNAs 
(8-11). TLR7 and TLR8 also mediate the recog- 
nition of self RNA that is released from dead or 
dying cells and contribute to the pathogenesis 
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of autoimmune diseases, such as systemic lupus 
erythematosus (/2). 

Phylogenetic analysis has revealed that TLR7, 
TLR8, and TLR9 form a subfamily of proteins 
that each contain an extracellular domain of >800 
residues and share functional and structural fea- 
tures (13, 14) (fig. S1). Before ligand recognition, 
both TLR8 and TLR9 exist as preformed dimers; 
ligand-induced conformational changes in the pre- 
formed dimer have been demonstrated for TLR9 
(15). This preformed dimer contrasts with the 
ligand-induced dimerization mechanism of other 
TLRs (16-20). 

Both TLR7 and TLR8 are believed to rec- 
ognize uridine- and guanosine-rich ssRNA (3, 4). 
Moreover, several small-molecule compounds 
have been identified as TLR7 and TLR8 activa- 
tors (21, 22). Some imidazoquinoline derivatives, 
such as resiquimod (R848), are recognized by 
both human TLR7 and TLR8 (2/); whereas gua- 
nosine nucleotides analogs such as loxoribine, 
and other imidazoquinoline derivatives such as 
imiquimod (R837), selectively activate TLR7 but 
not TLR8 (22-24). With molecular masses of 


200 to 300 daltons, these compounds are the 
smallest of the TLR ligands and are therefore 
attractive therapeutic targets for various infec- 
tious diseases. In fact, imiquimod is approved 
for treatment of external genital warts, actinic 
keratosis, and basal cell carcinoma. The lack of 
structural knowledge of TLR7 and 8 hinders un- 
derstanding of the molecular mechanisms under- 
lying activation of signaling and specific ligand 
recognition. In particular, an understanding of 
why and how TLR7 and TLR8 are activated by 
small ligands remains largely unknown. 

We sought to determine the crystal structures 
of an unliganded preformed dimer and ligand- 
induced activated forms of human TLR8. The 
TLR8-R848 complex structure was initially de- 
termined using two heavy-atom derivatives (Pt 
and Cs) (fig. S2); the other structures were de- 
termined by the molecular replacement method, 
using the refined TLR8-R848 complex coordinates 
(table S1 and S2). TLR8 contains 26 leucine-rich 
repeats (LRRs), which is the largest number of 
LRRs among TLRs whose structures have been 
reported (Fig. 1A). Because TLR7, TLR8, and 
TLR9 are predicted to have a long insertion region 
(~40 amino acids) between LRR14 and LRR1S5, 
we chose to observe this insertion region (residues 
442 to 481), hereafter referred to as the Z-loop. 

Although purified TLR8 was found cleaved 
at the Z-loop, the N terminus (residues 31 to 432) 
and C terminus (residues 458 to 817) of the TLR8 
monomer were directly associated with each other 
(Fig. 1B). The consensus f strands of LRR14 and 
LRR1S5 interacted to form a B-sheet structure 
(fig. S3A), which was positioned within the con- 
cave face of TLR8 (fig. S3B). At the convex face 
of the structure, LRR13 interacted with LRR15 
directly (fig. S3A); as a result, the loop region of 
LRR14 located after the B strands was excluded 
from the main body of the LRR structure (fig. 
S3A). Although the loop region of LRR14 and 
the first half of the Z-loop (residues 433 to 457) 
were missing from the electron density maps, 
most likely because of the disorder of this portion, 
the latter half of the Z-loop (after Asp***) was well 
ordered in the concave face of the LRR structure 
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and was stabilized by extensive contact with LRR3 
to LRR18 (fig. S3B). At the end of the Z-loop, we 
observed a single turn of the o helix, which was 
stabilized by a disulfide bridge between Cys*”” 
(within the Z-loop) and Cys*” (within LRR16). 
These two Cys residues are highly conserved be- 
tween the TLR7, 8, and 9 proteins (fig. S1). 

Gel filtration analysis revealed that unliganded 
TLR8 was dimeric in solution (fig. S4), which 
suggested that the inactivated protein creates a 
preformed dimer. Consistent with the gel filtration 
results, the crystal structure of unliganded TLR8 
exhibited a dimeric form (Fig. 1C). Throughout 
this Report, we indicate the second TLR8 and its 
residues in the dimeric TLR8 with asterisks. 
The two TLR8 monomers were separated at the 
C-terminal regions by ~53 A. The length of this 
separation likely precludes proper association 
of the cytoplasmic domain; therefore, this dimeric 
structure represents the inactivated form of TLR8. 

We also determined the crystal structures of 
TLR8 in complex with three different agonistic 
chemical ligands, namely, CL097, CL075, and 
R848 crystal forms | to 3 (table S2). Despite TLR8’s 
being in complex with different ligands and dis- 
playing differential molecular packing in the crys- 
tal structures, we observed essentially the same 
dimeric structures of TLR8 for each of the three 
ligands tested (fig. S5), which excludes the pos- 
sibility of artificial dimer formation in the crys- 
tals. The crystallographic asymmetric unit of 
the TLR8-CL097 complex contained two copies 
of the TLR8 monomer, which were assigned as 


A Z-loop 458 


27 432 482 


Fig. 1. Structures of human TLR8. (A) Schematic representation of the 
domain organization of extracellular regions of human TLR8 (hTLR8). 
LRRs are indicated by numbered boxes. The protruding LRR loops and 
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components of the TLR8 dimer (Fig. 1D). Super- 
position of the two TLR8 molecules in the 
asymmetric unit yielded a small root mean square 
deviation (RMSD) value of 0.4 A, which indicated 
that the two molecules are essentially identical. The 
two TLR8 monomers in the dimer, related by non- 
crystallographic (NCS) two-fold symmetry, were 
positioned in the lateral face of the LRR structure, 
in a manner similar to the positioning of other 
ligand-induced TLR structures (16-20). Upon 
ligand binding, the two C termini were brought 
into close proximity (~30 A) (Fig. 1D and fig. S5), 
which would enable the subsequent dimerization 
of the intracellular Toll-interleukin-1 receptor 
(TIR) domain and downstream signaling, which, 
in turn, suggests that the ligand-bound dimer is 
a signaling complex. 

The dimerization interfaces of the unliganded 
and the ligand-induced dimers bury ~1290 A? 
and ~2150 A? of the accessible surface area of 
the TLR8 structures, respectively (Fig. 2 and 
figs. S6A and S7). The unliganded form of TLR8 
has a dimerization interface spanning from LRR8 
to LRR18. In fact, the dimerization interface is 
formed by several hydrogen bonds (LRR8, LRR14- 
15, and LRR18) (table S3) and hydrophobic cores 
consisting of Tyr*“*, Phe**!, Tyr°°”*, and Phe***, 
and Phe*”, Tyr 53 VaP’®, Phe?4*, Phe??>*, and 
Pro****, which are spread around LRR8, LRR11-— 
15, and LRR18 (fig. S6A). Ligand binding in- 
duced the local conformational changes of the 
loop structures of LRR5, LRR8, and LRR17-20, 
whereas the overall structures superpose well 
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with an RMSD value of 1.1 A (fig. S6B). The 
dimerization interface of ligand-induced dimer 
is divided into two regions, the protein-protein 
interface and the ligand-mediated interface, 
which account for ~75% and ~25% of the buried 
surface area, respectively (Fig. 2 and fig. S7). 
The protein-protein interface involves both hy- 
drogen bonds and hydrophobic interactions 
and is widely spread around LRR5, LRR8, and 
LRR14—20 (Fig. 2). Hydrogen-bonded pairs 
of Asn*?! O—Arg*4!*, Ala®!* O-Arg™4!*, and 
Glu*?’?-His*°*, and van der Waals contact of 
Phe** Phe*** and Ser®!®-Ser?!°* were observed 
near the two-fold NCS axis (Fig. 2, top panel, 
and table S3). At the peripheral region of the 
dimerization interface (Fig. 2, bottom panel), 
extensive van der Waals contacts and hydrogen 
bonds were observed. The ligand-mediated in- 
terface is composed of residues of LRR11—14 
and LRR16-—18 as described below. 

Two clear electron densities corresponding to 
the ligand were observed in the crystals of TLR8 
complexed with chemical ligands (fig. S8A). The 
two chemical ligands were located in the dimer 
interface of TLR8 and the two positions were 
related by the NCS two-fold axis, where the first 
is close to LRR11—14 and LRR16*—18%*, and the 
second is close to LRR11*—14* and LRR16—18 
(Figs. 2 and 3). These ligands were recognized 
by interactions with multiple amino acids from 
both TLR8 and TLR8* and act as molecular 
glues bridging the two TLR8 molecules. All of 
the ligands tested occupied the same position 


hTLR8& 
4) 


the long insertion region between LRR14 and LRR15 (Z-loop) that are char- 
acteristic of the TLR7-9 family are indicated by curved lines above the LRRs. 
The regions missing from the structural model are indicated by red dashed 
lines. The N-terminal and C-terminal halves of TLR8 are shown in light 
green and light orange, respectively. (B) Monomer structure of the hTLR8- 
CLO97 complex showing the lateral face (left) and the convex face from the 
N-terminal side (right). The bound CLO97, N-glycan residues, and disulfide 
bonds are shown in stick representations. The O, N, and S atoms are colored 
red, blue, and orange, respectively. The C atoms of CLO97 and W-glycans are 
shown in yellow and gray, respectively. The N and C termini of each 


° 
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fragment are shown as spheres. (Left) Front and (right) side views of the 
preformed inactivated state (C) and ligand-induced activated state (D). TLR8 
and its dimerization partner TLR8* are green and cyan, respectively. The 
CLO97 molecules in the activated dimerization interface are illustrated by 
space-filling representations. The distances between the two Co. atoms of 
each C terminus are indicated. 
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Fig. 2. Dimerization interface of the ligand-induced TLR8 dimer. (Left, 
middle) A surface representation of the protein-protein interface (orange) 
and ligand-mediated interface (red). (Right, middle) Top view of the 
ligand-induced TLR8 dimer along the two-fold NCS axis. Magnified views 
of the central dimerization interface around the two-fold NCS axis (top) 
and the peripheral dimerization interface (bottom). Hydrogen bonds in 
the magnified views are indicated by dashed lines. 
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Fig. 3. Ligand recognition sites of TLR8. (A), (B), and (C) Residues involved in 
the interaction of TLR8 with CLO97, CLO75, and R848, respectively. The C atoms of 
the ligand molecules are yellow. Water molecules mediating the ligand rec- 
ognition are indicated by red filled circles, and hydrogen bonds by dashed lines. 
The chemical structures of these ligands are shown at top right in each panel. 
(D), (E), and (F) NF-«B activity of human TLR8 mutants, stimulated by CLO97, 


CLO75, and R848, respectively. The reactivity of wild type and various mutants 
of TLR8 were analyzed by an NF-«B—dependent green fluorescent protein 
reporter assay using Ba/F3 cells. Data represent the fold NF-«B induction, 
calculated as mean fluorescence intensity (MFI) of stimulated cells divided by 
MFI of nonstimulated cells. Dotted lines indicates the fold induction as 1. Data 
shown are representative of three independent experiments. 
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when the proteins were superposed (fig. S8B). 
The most noticeable interaction between TLR8 
and these ligands was that of the benzene rings 
of imidazoquinoline (R848) or thiazoloquinolone 
(CL097, CL075) stacked on the side chain of 
Phe" (Fig. 3, A to C). The amidine group of the 
quinoline moiety formed hydrogen bonds with 
the side chain of Asp*? with excellent geometry. 
The N atoms of the imidazole or thiazole moieties 
formed hydrogen bonds with Thr’ N atoms. The 
2-propyl (CL075) or 2-ethoxymethyl (CL097 and 
R848) substituent of these ligands protruded into 
the small hydrophobic pocket formed by Phe*“*, 
Tyr’, Gl 18: Val>”*, Ne*?, Phe*, Gly??*, and 
Val*’**, These hydrophobic interactions may be 
important for the agonistic activity of chemical 
ligands targeting TLR8, because R837 (known as 
imiquimod) (fig. S9A), an imidazoquinoline com- 
pound similar to R848, specifically activates TLR7 
but not TLR8 and lacks the 2-substituent in the 
imidazole ring. CL097 forms a water-mediated 
contact with the carbonyl oxygen of Ser*?. 

To determine the functional importance of 
the specific residues recognizing the chemical 
ligands, we mutated these residues to Ala and 
examined the ability of the mutant proteins to 
activate nuclear factor-«kB (NF-«B) (Fig. 3, D 
to F). The Phe*>, Asp*®, Tyr, Val°*°, and 
Thr°”* residues made contact with the ligand, 
and mutation of these residues to Ala either com- 
pletely abolished or significantly weakened their 
ability to activate NF-«B. In contrast, mutation 
of other residues, including Arg’”’, 545 and 
Tyr’, resulted in either a retention or a slight 
reduction in NF-«B activity, which suggested 
that these residues are not essential for binding 
to the chemical ligands. NF-«B activity was 
notably up-regulated after mutation of Val*”* to 
Ala, particularly in response to R848; therefore, 
Val*’® may play a role in fine recognition or dis- 
crimination of nucleoside modifications. 
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Fig. 4. Conformational change in TLR8 induced by binding to agonistic ligands. 
The unliganded, inactivated form of TLR8 (A) transforms into the activated form (B) 
upon ligand binding. The overall conformational change is illustrated schematically 
(C). The conformational changes are represented by ring rotations and hinge motions, 


both of which are indicated by gray arrows. 


Ligand binding opens up the TLR8 structure 
by 15 A in the top lateral face of the LRRs, which 
enables the residues to recognize the ligand prop- 
erly. Concomitantly, the dimerization interface is 
reorganized (Fig. 4). In the unliganded form, the 
interactions between LRR8 and LRR18*, as well 
as LRR11—13 and LRR14*—15*, are the major 
contributors to formation of the dimerization in- 
terface. Upon ligand binding, the dimerization in- 
terface is rearranged; LRR8 changes its binding 
partner to LRR18*—20*, LRR18* to LRR11, and 
LRR11-13 to LRR17*—18*. These rearranged 
interfaces include both the protein-protein and 
ligand-mediated interfaces. Concomitantly, Phe*” 
(within LRR13), which makes a hydrophobic 
contact with Phe**** (within LRR15*) in the un- 
liganded form, in turn, interacts with the ligand 
in the liganded form (fig. S10). In addition, the 
ligand-induced conformational change enables 
formation of new interactions between LRRS 
and LRR20*. As a result, the two C termini are 
brought into closer proximity, from 53 to 30 A 
(CL097). The agonistic chemical ligand activates 
a preformed TLR8 dimer by inducing a confor- 
mational change in TLR8 ectodomains that, in 
turn, lead to an activated configuration of the 
cytoplasmic TIR signaling domains. 

In conclusion, the TLR8 unliganded and lig- 
anded structures described in this study represent 
a milestone for understanding the signaling mech- 
anism of the TLR7 to 9 family and will contribute 
to the development of therapeutic antiviral or mod- 
ulating agents targeting the TLR7 to 9 subfamily. 
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RV Polarstern ARK27-3-Shipboard Science Partyt 


In the Arctic, under-ice primary production is limited to summer months and is restricted not 
only by ice thickness and snow cover but also by the stratification of the water column, which constrains 
nutrient supply for algal growth. Research Vessel Polarstern visited the ice-covered eastern-central 
basins between 82° to 89°N and 30° to 130°E in summer 2012, when Arctic sea ice declined to a 
record minimum. During this cruise, we observed a widespread deposition of ice algal biomass of 
on average 9 grams of carbon per square meter to the deep-sea floor of the central Arctic basins. 
Data from this cruise will contribute to assessing the effect of current climate change on Arctic 


productivity, biodiversity, and ecological function. 


limited by light and nutrients. Photosyn- 

thetically active radiation (PAR) for under- 
ice primary production is only available from 
May to August but is locally restricted by ice thick- 
ness and snow cover (/—4). Owing to stratifica- 
tion (5, 6), the mixed layer depth is limited to 10 
to 30 m in summer (Table 1), which constrains 
the nutrient supply for algal growth (7). Hence, 
average estimates for primary production (PP) in 
the ice-covered central Arctic are low, on the order 
of 1 to 25 g Cm ” year | (8, 9). The contribution 
of ice algae is not well constrained, ranging from 0 
to 80% (J0-13). However, as a consequence of 
Arctic warming, primary productivity in and under 
the ice may be boosted by higher light transmis- 
sion through thinning sea ice (3, 74, 75) and the 
increase in melt-pond coverage during summer 
(4, 16). 

Assessing the consequences of current climate 
change in the central Arctic regions remains dif- 
ficult because reliable baselines for Arctic produc- 
tivity, biodiversity, and ecological function are 
lacking [reviewed in (/7)]. During the 2012 sea- 
ice minimum, research vessel (RV) Polarstern 
visited the ice-covered eastern-central basins be- 
tween 82° to 89°N and 30° to 130°E (Fig. 1). In 
this area, thick multiyear sea ice has been largely 
lost as a result of melt by atmospheric heat (/8). 
Our airborne electromagnetic measurements con- 
firmed that first-year ice dominated (>95%), with 


P= productivity in the central Arctic is 
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an average modal thickness of less than a meter 
and a melt-pond cover of 30 to 40%. 

Previous investigations of the underside of 
Arctic sea ice found that the diatom Melosira 
arctica grows meter-long filaments, anchoring 
in troughs and depressions under ice floes and 
covering up to 40 to 80% of the underside of 
undisturbed ice floes (12, 19-24) (Fig. 2). Warm- 
ing and melting leads to their rapid sedimenta- 
tion (20-23). Deposition of Melosira strands had 
been observed on the sea floor of Arctic shelves 
(12, 21), but their contribution to carbon export in 
the ice-covered basins remains unknown (25, 26). 
Particulate organic carbon flux to the deep sea, 
measured by sea-floor carbon demand (25) and 


by sediment traps moored in the Amundsen Basin 
(27), was around 1 gC m year | (+1500 m) in 
the 1990s, with a peak contribution of sub-ice 
algae of up to 28% in August (27). Repeated mea- 
surements during the first Arctic-wide sea-ice 
minimum in 2005-2007 showed an increased 
carbon flux of 6.5 g Cm” year ' (850 m), peak- 
ing in July (28). 

During the expedition IceArc in summer 2012, 
we observed in seven out of eight regions sea- 
floor deposits of fresh M. arctica strands and 
other sub-ice algae at 3500- to 4400-m water 
depth (Fig. 1, fig. S1, and movies). Patches of 
algae of 1 to 50 cm in diameter covered up to 
10% of the sea floor. This attracted opportunistic 
megafauna—such as the deep-sea holothurians 
Kolga hyalina (29) and Elpidia heckeri and the 
ophiurid Ophiostriatus striatus—which were ob- 
served to feed on the Melosira strands. Based 
on their color, chlorophyll a content, and chloro- 
plast morphology, the freshest algal deposits were 
observed at the northernmost stations, 7 and 8 
(>87°N). Stations 4 to 6 (82° to 85°N), north of 
the Laptev Sea margin, showed degraded algal 
deposits. In this area, megafauna biomass was 
substantially elevated, as was the pigment con- 
centration of holothurian gut content (Table 1). 
The larger body sizes (>6 cm) and apparent fe- 
cundity of the Kolga population (based on gonad 
sizes) in this area suggested that sources of food 
had been available for at least 2 months and that 
the main algal flux had occurred before June. 
This matches observations of rapid melt and ex- 
port of ice from the Laptev Sea as early as May 
2012. By July, large open water areas had ap- 
peared within the ice zone up to 85°N (Fig. 1), 


Fig. 1. Ice conditions during RV Polarstern Expedition IceArc (ARK27-3, 2 August to 8 October 2012). (A) 
Ice cover in July 2012 in percentages. Ice stations with fresh and degraded algal deposits are marked by 
green and brown circles, respectively. White indicates no deposits. (B) Aerial image of station 3 in mid- 
August. (C) Aerial image of station 6 in mid-September. 
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causing a rapid decline of the sea-ice cover, re- 
flected in 1 to 2 m of melt-water content above 
the winter thermocline (Table 1). 

Our surveys showed shreds of M. arctica 
(Table 1), indicating their melt-out earlier in the 
season (23). At 3500- to 4400-m depth, deposits 
of coiled Melosira strands (diameters of 5 to 
12 cm) covered 0.1 to 10% of the sea floor. The 
carbon deposition by sub-ice algae was estimated to 
be equivalent to 1 to 156 g C m * (median 9 g C m *) 
(Table 1). For comparison, the 2012 pelagic new 
production in the same regions was estimated 
to be 7 to 16 g C m ” (median 11 g C m°) 
(Table 1), with a contribution by diatoms of 
36% based on silicate inventories (Table 1). 
Melosira strands are not used as food in the 
pelagial and sink rapidly to the sea floor (23). 
This results in a contribution of at least 45% of 
total primary production and >85% of carbon 
export in 2012. 

The algal deposits at the sea floor and extracts 
of Kolga gut at stations 3, 4, 7, and 8 contained 


living Melosira cells with green chloroplasts and 
lipid vesicles (Fig. 2). The algal deposits had 
variable high concentrations of chloroplast pig- 
ment equivalents (CPE) (27 + 21 pg em °; n = 
18 aggregate samples) and a high chlorophyll 
a to total pigment ratio (51 + 18%). In com- 
parison, pigment contents of bare sediments next 
to the patches were low at 0.8 + 0.3 pg em °, 
matching concentrations found in the 1990s (25). 
The gut contents of Kol/ga specimens showed 
even higher pigment concentrations of, on av- 
erage, 51 + 47 ug em > (Chla/CPE ratio of 41 + 
14%; n = 15 gut samples), and algae recovered 
from guts were still photosynthesizing when ex- 
posed to light (30). 

Previous investigations focusing on oligo- 
trophic deep-sea sediments have found a direct 
relationship between carbon flux, benthic bio- 
mass, and remineralization rates (3/—35). How- 
ever, despite the widespread deposition of algae 
observed in the eastern-central basins, apparently 
only sediment bacteria (as estimated from respi- 
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ration rates) (fig. S2) and large mobile megafauna 
had profited from the ice-algae deposition. In- 
fauna burrows and tubes were rare, indicating an 
absence of the sediment-dwelling macrofauna 
characteristic of other deep-sea basins with sea- 
sonally sedimenting phytoplankton blooms [re- 
viewed in (36)]. Furthermore, the bare sediments 
next to the algal deposits maintained oxygen fluxes 
of only 0.3 to 0.4 mmol O, m * day ', equivalent 
to a carbon demand of | to 2 gC m ” year '. Such 
low rates are typical for oligotrophic deep-sea 
sediments (37, 38) and match carbon export 
fluxes measured in the 1990s in this area (25, 27). 
In contrast, in situ and ex situ microprofiling of 
diffusive oxygen fluxes into sediments covered 
by algal aggregates showed elevated rates of 5 to 
6 mmol O, m * day |, equivalent to carbon fluxes 
of 25 ¢C m- year | (stations 7 and 8) (fig. S2). 
This suggests considerable microbial respiration 
(13 to 60%) of the algal carbon input. According- 
ly, in cores covered by Melosira strands, oxygen 
penetration in the sediment was reduced to a few 


Table 1. Distribution of algal aggregates and characteristics of sea-ice stations investigated. Methods are provided in the supplementary materials. 
Where available, averages and standard deviations are given. FYI, first-year ice; MYI, multiyear ice; n.d., not determined. 


Ice station (no.) 1 2 3 4 5 6 7 8 
Event* PS80_224 PS80_237 PS80_255 PS80_277 PS80_ 323 PS80_335 PS80_349 PS80_360 
Date 8/9/12 8/14/12 8/20/12 8/25/12 9/4/12 9/7/12 9/18/12 9/22/12 
Latitude (N) 84°3.03' 83°59.19' 82°40.24' 82°52.95' 81°55.53' 85°06.11' 87°56.01' 88°49.66' 
Longitude (E) 031°6.83' 078°6.20' 109°35.37 130°7.77' 131° 7.72' 122°14.72' 61°13.04' 58°51.81' 
Sea-ice cover (%) 80 80 70 80 60 50 100 100 
Ice thickness (m) 1.0-1.2 1.2-2.0 0.7-1.2 0.7-0.9 1.2-1.7 0.9-1.7 1.2-1.8 1.1-1.8 
First/multiyear ice FYI FYI FYI FYI FYI FYI/MYI FYI/MYI FYI/MYI 
Melt-pond cover (%) 40 20 40 50 10 30 20 20 
Drift (knots) 0.14+0.1 0.35 + 0.2 0.55 +0.2 0.24+0.1 0.26 + 0.1 0.29 + 0.2 0.01 + 0.0 0.17 + 0.1 
Surface radiation (W m~2)t 150 + 93 97 +59 60 + 38 56+ 45 62+ 76 26 + 23 11 +6 5+3 


PAR under ice (W m7’) 33 5 9 n.d. 3 2 <1 <<1 
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Atmospheric temperature (°C) -1.5 —1.2 0.3 —0.3 —3.3 —1.6 -3.9 —10.1 
Seawater temperature (5 m, °C) -1.5 -1.5 —1.6 -15 -1.5 —1.5 —1.8 -1.7 
Salinity (5 m) 33.0 33.2 32.8 31.2 30.6 30.3 33.1 32.9 
Mixed layer depth (m) 15 21 16 23 20 20 31 30 
Melt water (m)+ 0.5 0.7 0.7 1.1 2.3 2.2 0.8 0.9 
Nitrate concentration (uM, 0-2 m) 2.89 3.08 0.29 0.42 0.1 0.08 0.97 0.49 
N:Si/N:P (£0—2 m) 3/10 2/10 0.3/2 0.1/2 0.03/1 0.02/0.4 0.02/0.3 0.3/2 
M4C-pP (mg C m~? day~*)§ 62 9 19 36 39 10 5 4 
New PP (g C m™ year~*)+ 16 7 12 7 9 10 16 15 
Diatom contribution (%)4 40 28 32 24 na. na. 41 40 
Sub-ice algal cover (%) 0.04 0.19 <0.01 n.d. 0.04 0.03 0.55 0.13 
Ice algae composition dv. algaell div. algaell Melosira n.d. Melosira Melosira Melosira Melosira 
Sea-floor algal cover (%) 0 0.03 + 0.04 1.3+0.4 0.33+0.49 05+0.2] £0.8+ 0.64 2.2 + 0.7 10.4 +0.5 
Sediment CPE (ug cm~>) 0.7 + 0.1 1.4 + 0.3 1.0 + 0.3 1.0+0.4 0.7 + 0.2 0.5+0.1 0.6 +0.1 0.8+0.5 
Sediment Chla/CPE ratio (%) 10 17 22 22 18 14 14 14 
Megafauna biomass 0.42 1.01 3.36 1.07 3.19 5.49 3.46 0.33 
(g wet weight m2) 
Gut CPE (ug cm?) n.d. n.d. 130 + 20 41415 30+2 341 48 +12 n.d. 
Gut Chla/CPE ratio (%) n.d. n.d. 43 49 66 22 51 n.d. 
Ice algae composition sediment/gut n.d. n.d. Melosira Melosira Melosira Melosira Melosira Melosira 
div. algaell = div. algaell _— div. algaell div. algaell 
Ice algae C deposition (g C m-”) ) 0.5 20 5 7 11 32 156 
Water depth (m) 4014 3485 3569 4161 4031 4355 4380 4374 


*Supplementary data available at http://doi.pangaea.de/10.1594/PANGAEA.803293. tRefers to incoming global radiation at the surface. fEstimates based on seasonal inventories of 
the mixed-layer depth of the previous freezing season (see supplementary materials). §Depth-integrated rates for the water column euphotic zone (1% PAR under the ice). \IDiverse 
algae included in various ratios: Porosira sp., Pleurosigma, Nitzschia sp., Fragilariopsis sp., Entomoneis sp, Chaetoceros sp., Navicula sp., Cylindrotheca, and other chain-forming pennate 
diatoms. [Estimates include discolored patches/degraded algal patches. 
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Fig. 2. M. arctica aggregations. Strands (~20 cm) of Melosira (A) under ice (station 7), (B) recovered from 
the sea floor (station 7), and (C) photographed in situ with K. hyalina grazing on deposits (station 3). (D to 
F) Microscopic images of Melosira cells from (A), (B), and (C) (extract of Kolga gut), respectively. 


millimeters compared with the surrounding sedi- 
ment, where oxygen penetrated >50 cm (fig. S1). 
Hence, if high exports of sea-ice algae had oc- 
curred regularly before 2012, oxygen penetration 
depth would have been less than observed, in- 
dependent of the fresh Melosira deposits (30). 
Hence, we conclude that massive algal falls 
were rare. 

Arctic climate models predict a further de- 
cline in the sea-ice cover, toward a largely ice-free 
summer in the Arctic in coming decades (39). 
Our observations support the hypothesis (/4) that 
the current sea-ice thinning and increasing melt- 
pond cover may be enhancing under-ice productiv- 
ity and ice-algae export, with ecological consequences 
from the surface ocean to the deep sea. 
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Geometric Catalysis of Membrane 
Fission Driven by Flexible 


Dynamin Rings 


Anna V. Shnyrova,?* Pavel V. Bashkirov,2* Sergey A. Akimov,”? Thomas J. Pucadyil,* 
Joshua Zimmerberg,° Sandra L. Schmid,® Vadim A. Frolov’ 


Biological membrane fission requires protein-driven stress. The guanosine triphosphatase (GTPase) 
dynamin builds up membrane stress by polymerizing into a helical collar that constricts the neck of 
budding vesicles. How this curvature stress mediates nonleaky membrane remodeling is actively 
debated. Using lipid nanotubes as substrates to directly measure geometric intermediates of the 
fission pathway, we found that GTP hydrolysis limits dynamin polymerization into short, metastable 
collars that are optimal for fission. Collars as short as two rungs translated radial constriction to 
reversible hemifission via membrane wedging of the pleckstrin homology domains (PHDs) of 
dynamin. Modeling revealed that tilting of the PHDs to conform with membrane deformations 
creates the low-energy pathway for hemifission. This local coordination of dynamin and lipids suggests 


how membranes can be remodeled in cells. 


ellular membranes can merge (fusion) or 

( split apart (fission) without compromis- 
ing their barrier function. This requires 

lipids to form localized, transient, nonbilayer struc- 
tures to initiate topological transition (/—-4), which 
in structurally stable lipid bilayers requires the 
application of membrane stresses (5, 6). Dynamin, 
the paradigmatic member of a superfamily of 
guanosine triphosphatases (GTPases) involved 
in membrane fusion and fission (7—9), produces 
curvature stress by radial constriction of the necks 
of endocytic vesicles (7). Fission follows con- 
striction if the membrane curvature approaches 
a critical level sufficient to trigger spontaneous 
lipid rearrangements (3, 6, 7). Structural analy- 
ses of long dynamin helices suggest several pos- 
sible conformational changes and/or remodeling 
modes capable of converting the GTP energy 
into strong membrane constriction (10-14). How- 
ever, both in vivo and in vitro, dynamin operates 
in small and transient units (6, 15, 16). It remains 
uncertain whether plain radial constriction could 
support timely and nonleaky fission at these time 
and length scales. We hypothesized that tighter 
coordination between protein conformation and 
lipid rearrangements would be required to find 
an optimal trajectory of membrane remodeling. 
To test this hypothesis, we analyzed the progres- 
sion of membrane fission produced by dynamin-1 
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(hereafter, dynamin) on lipid nanotubes (NTs) pulled 
from lipid bilayers (77). On long 4- to 20-um fluo- 
rescently labeled NTs, dynamin [0.5 to 4 uM (/7)] 
polymerized into cylindrical scaffolds that expelled 
both membrane and luminal fluorescence, thus 
constricting the NTs (Fig. 1A, B). In the presence 
of 1 mM GTP, such constrictions were followed 
by fission (movies S1 and 82). Before fission, GTP 
promoted stochastic disassembly of the growing 
dynamin scaffolds (Fig. 1C and movies S1 to S3) 
(6, 16). However, in the assembled state, the av- 
erage membrane constriction was similar with and 
without GTP (Fig. 1D and fig. S1). Thus, instead 
of increasing the average NT constriction (Fig. 1D 
and fig. S1) (6), GTP hydrolysis fueled dynamin 
reassembly cycles, seen as large oscillations of the 
length and position of individual dynamin scaf- 
folds on NTs (Fig. 1, E and F, and fig. S2). These 
oscillations were also evident in fluctuations of the 
ionic permeability (conductance G,, Fig. 2A) of 
the lumen of short 80- to 250-nm NTs (6). Al- 
though submicrometer scaffolds were sufficient to 
sever long NTs (movie S4), such small scaffolds 
underwent further disassembly to produce fission 
of short NTs (Fig. 2A), confirming that dynamin 
fission activity is localized to the nanoscale. 

To quantify nanoscale fission events, we de- 
termined the radius (Ry7), length (Lx), and elastic 
resistance of short cylindrical NTs (figs. S3 and 
S4) (77) and used these to calculate the NT con- 
striction parameters from changes in G,. With- 
out GTP, dynamin produced stepwise decreases 
in G, (Fig. 2B). This intermittent NT constric- 
tion implied either the formation of self-limited 
dynamin collars [e.g., rings (/8)] and/or lipid re- 
sistance coming from swelling of the NT between 
dynamin scaffolds [figs. S2 and S5 (12-14, 19)]. 
However, the final steady-state conductance GF 
(Fig. 2B) indicated a uniformly constricted cylin- 
drical NT (6). Its luminal radius, Rpyn, was cal- 
culated using Ohms law: Rpyn = Rnri/ Gt /kp 
[where kp is the Debye correction (/7)], yielding 
Rpyn = 1.9 + 0.3 nm (n = 13 NTs). Rpyn did not 
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depend on Ly (fig. S6A), confirming uniform 
constriction. Considering dynamin scaffolds as 
cylinders creating similar membrane curvature 
with or without GTP (Fig. 1D), the length of 
elementary scaffolds (L,) producing conductance 
steps and oscillations could be calculated from AG, 
(Fig. 2, A and B) using the following equation (/7) 


A(1/G,) = Ls[(Rut/Royn)/ko ~ 1/Enr (1) 


Cumulative distribution of L, (Fig. 2C) demon- 
strated that the scaffolds were substantially shorter 
in the presence of GTP than in its absence, and 
even shorter at the moment of fission (AG, S", 
Fig. 2A). Thus, GTP hydrolysis stimulated the 
optimization of the scaffold length for membrane 
fission. 

All three distributions of scaffold lengths 
(Fig. 2C) showed a clear cutoff at L,"" = 20 nm 
{readily distinguishable from background noise 
(fig. S7)], implying a “minimal” dynamin unit 
capable of constricting NTs and causing their 
fission. Assuming that the smallest conductance 
jumps measured in the presence of GTP were 
made by this minimal scaffold, we applied linear 
regression of A(1/G,) on Ry using Eq. | with 
L,=L,""". Such a fit (Fig. 2D) recovered 1," = 
25 +7 nm and Rpy, = 1.9 + 0.4 nm, confirming 
that the shortest scaffolds imposed the same lo- 
cal curvature with and without GTP. Because the 
pitch of a dynamin helix is ~10 nm (7, /0, 14), 
fission required at least a two-rung dynamin scaf- 
fold, with two- to three-rung units mediating ~80% 
of fission events (Fig. 2C). 

In 10% of the fission events, the initial closure 
of the NT lumen was reversible. As the flick- 
ering fission pores in cellular systems (20, 21), 
the NTs switched between “open” and “closed” 
states (Fig. 3A). The latter apparently corre- 
sponded to hemifission, because GTP hydroly- 
sis rendered dynamin scaffolds metastable and 
incapable of withstanding membrane tension so 
that, upon fission, the NT rapidly retracted into 
the lipid bilayer reservoir (Fig. 3B and movie 
S5) (6, 16, 22). In the absence of GTP, stable 
dynamin scaffolds inhibited NT retraction (Fig. 3B 
and movie S6). The observed flicker was much 
faster (tens of milliseconds, Fig. 3A) than both the 
GTP hydrolysis cycle [keat ~ 2 s | (23, 24)] and 
the reassembly of dynamin (seconds, Fig. 2A). 
Thus, flicker was not caused by cooperative trans- 
formations of dynamin helices associated with 
GTPase activity [such as constriction, extension, 
or twisting (//, 18, 22, 25)] or by the reassembly 
of dynamin scaffolds. Indeed, the open state was 
characterized by a preset conductance level (Fig. 
3A), indicating that the flickering NT was con- 
strained within a short dynamin scaffold of fixed 
geometry. Such two- to three-rung collars act as 
metastable catalytic centers mediating transitions 
between a constricted neck and hemifission, two 
main intermediates of fission. 

We next explored the molecular basis for 
hemifission catalysis, focusing on the membrane- 
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interacting interface of the dynamin collar formed 
by pleckstrin homology domains (PHDs) (7, /4). 
The Ile > Ala (533A) mutation in the membrane- 
inserting variable loop 1 (VL1) of PHD suppresses 
fission without altering dynamin’s polymerization 
or GTPase activity (26, 27). The mutant (I533A) 
and wild-type (WT) dynamins produced similar 
changes in G,, both with and without GTP (Fig. 
3C, D). Thus, 1533A formed short metastable 
collars imposing the same curvature stress as the 


Fig. 1. GTP hydrolysis causes stochastic disassembly 
and softening of dynamin scaffolds. (A and B) In the 
absence of GTP, dynamin scaffolds (labeled with 
dynamin-Alexa488, green) constrict lipid nanotubes. 
The constriction causes a proportional decrease of 
membrane (labeled with Rh-PE, red) and luminal 
(labeled with 3-kD dextran-Alexa488, blue) fluores- 
cence. Scale bars, 5 um. (C) Time sequence (0.5 s 
between frames, 2 s after dynamin addition) illus- 
trating the development of membrane constriction 
(Rh-PE fluorescence decrease) with and without 
1 mM GTP. Scale bars, 1 um. (D) Mean fluorescence 
intensities of Rh-PE of constricted parts of the NTs 
(FM bya), Normalized to the initial fluorescence in- 
tensities of the NTs before dynamin application 
(F™",) with and without GTP (n = 4 scaffolds, error 
bars show standard deviation) (fig. $1). (E) Three- 
dimensional kymographs showing the steady-state 
behavior of dynamin scaffolds constricting NTs in the 
presence and absence of GTP. Rh-PE fluorescence is 
shown; the darker regions correspond to higher 
constriction (curvature). (F) Variations of the length 
of dynamin scaffolds (Ls) in the steady state [as in 
(E)], normalized to the mean length for each scaffold 
(<Ls>). 


Fig. 2. A two-rung dynamin scaffold is the mini- 
mal fission unit. (A) Oscillations of the NT con- 
ductance [G, normalized to the NT conductance 
before dynamin addition (17)] followed by fission 
(an acute decrease of G,) produced by dynamin 
applied at time (t) = 0 in the presence of 1 mM GIP. 
The cartoons illustrate reassembly of the dynamin 
scaffold during oscillations and NT fission. (B) Stepwise 
constriction of NT by dynamin applied at t = 0 in the 
absence of GTP. The cartoons show the evolution of the 
dynamin scaffold during constriction. (C) Cumulative 
distribution functions of the length of the dynamin 
scaffold (L,) recalculated from the conductance steps 
(AG,), measured as shown in (B) for “-GTP” (n = 13 
NTs) and (A) for “+GTP” (n = 22 NTs) and “fission” 
(n = 17 NTs). (D) Linear regression of A(1/G,) on 
(Ruz), Ls", and Royn” define the intercept and 
slope (Eq. 1), P < 0.001. 
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WT. However, in the presence of GTP, [533A failed 
to produce hemifission or fission in seven out of 
eight trials, 150 s of observation each, whereas the 
WT severed 24 of 25 short NTs in 33.6 + 4.6 s after 
its addition to NTs. Thus, hemifission catalysis re- 
quires membrane wedging of PHDs in the meta- 
stable collar. 

The hemifission intermediate has a distinct 
hourglass (“stalk”) shape (3, 7), dramatically dif- 
ferent from the cylindrical shape of constricted 
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NTs. On cylindrical NTs, PHD pairs in each rung 
of a dynamin collar form a long pedestal ori- 
ented along the NT axis [Fig. 4A and fig. S8 
(7)]. For hemifission to occur, lipids must either 
detach from or move together with the PHDs. 
Simultaneous detachment from tens of PHDs 
in the rung is energetically improbable (/7). Fur- 
thermore, the fission capability of [533A in- 
creased with phosphatidylinositol 4,5-phosphate 
[P1(4,5)P2] content, indicating that tighter adhesion 
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between PHDs and lipids promotes fission (fig. 
S9). Finally, flicker was much faster than dynamin 
detachment from the membrane [seconds (26)], 
indicating that PHDs can quickly adapt their po- 
sition to lipids (Fig. 4A). Analyzing the possibil- 
ity of PHD tilting theoretically, we found that the 
combination of tilting and membrane insertion 
promoted otherwise energetically unfavorable 
hemifission transformation (/7). PHD pairs as- 
sembled into membrane-inserting ring(s) were 


Fig. 3. Reversible hemifission is catalyzed by mem- 
brane wedging of PHDs. (A) Rapid switching (flicker) 
of the NT conductance between the open and closed 
states. The inset shows an example of a short-lived 
closed state. (B) In the presence of GTP (left), the 
multiple dynamin-Alexa488 scaffolds disassemble 
concomitant with NT retraction (movies $3 and S4). 
Without GTP (right), the scaffolds withstand mem- 
brane tension. Scale bars, 10 um. (C) Changes of G, 
produced by I533A dynamin applied at t = 0 in the 
presence (blue) and absence (red) of 1 mM GTP. (D) 
The mean lumenal radius measured in the absence of 
GTP (open bars) and the mean length of protein 
scaffolds in the presence of 1 mM GTP (solid bars) for 
WT and 1533A dynamins. Differences are statistically 
insignificant (P > 0.25). 


Fig. 4. Geometric catalysis of hemifission by dynamin 
rings. (A) Cartoon illustrating the coupling of PHD 
tilting (parameterized by the tilt angle «) with local 
narrowing of the NT (parameterized by the radius ro) 
during the transition from the cylindrical constricted 
state (parameterized by Rpyn) to hemifission. The 
narrowing beneath a single flexible PHD ring (left) is 
further assisted by an adjacent rigid scaffold (middle) 
or a second flexible ring (right), Ling = 12 nm (the 
pitch of dynamin helix). The narrowing results in a 
significant decrease of the energy barrier (AW) to 
hemifission. The enlargement shows the two-PHD 
module (fig. $8) with shallow membrane insertion (H;) 
displacing the neighbor lipids. AW values are for H; = 
0.7 nm, corresponding to the rectangle in (©). kg is the 
Boltzmann constant; 7 is absolute temperature. (B) 
Relative change of the NT elastic energy along the 
hemifission path (fig. $10), parameterized as ro/Royn 
and calculated for different H; Zero energy corre- 
sponds to a narrowed cylindrical NT. When tilting is 
allowed for H; = 0.7 nm, it results in an initial spon- 
taneous narrowing (fig. S10), followed by hemifission 
transition requiring additional energy AV. For H; = 
1 nm, hemifission becomes spontaneous. (C) Depen- 
dence of AW on H; for the geometries shown in (A). 
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modeled, and the shallow insertion was param- 
eterized by its width H; in the axial direction 
(Fig. 4A) (77). Without tilt, the energy barrier for 
hemifission remained high even for large H; (Fig. 
4B). With tilt, the barrier decreased steeply with 
increasing H; (Fig. 4B, C), explaining the im- 
paired fission efficiency of I533A. For H;= 1 nm, 
the barrier became effectively zero for the two- 
ring system, revealing the soft deformation mode 
potentially responsible for fast flicker transitions 


REPORTS [ 


(Fig. 3A). Independent of Hj, the two-ring ge- 
ometry remained optimal for fission, although 
PHD tilting significantly promoted fission me- 
diated by a single ring or at the edge of a rigid 
dynamin scaffold (Fig. 4, A and C) (28). Thus, 
the kinetics of fission appear to be determined 
by the extent of membrane wedging by PHDs 
and the number of PHDs simultaneously avail- 
able for tilting upon GTP hydrolysis, a stochastic 
function of the hydrolysis rate. 
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Here we have shown that membrane fission 
can be driven by short and metastable dynamin 
collars formed during the transition state of the 
GTP hydrolysis cycle. These collars not only 
apply elastic stress (mechanochemical effects) 
but also, in a synergistic coordination with lipids, 
participate in the search for the optimal pathway 
of membrane rearrangements (catalytic effects) 
(7). This nanoscale coordination between the 
geometry of the protein scaffold, concerted mem- 
brane wedging, and membrane deformations de- 
fine “geometric catalysis,” which yields a distinct 
low-energy pathway to hemifission (fig. S10). 
Without GTP, dynamin forms stable polymers 
that constrain highly curved membrane struc- 
tures, thereby effectively inhibiting topological 
transitions (29), just as tighter substrate binding 
inhibits enzymatic catalysis. Hence our finding 
revises the general role of proteins as force drivers 
in membrane fission: Besides applying energy 
and stress, they can dynamically adapt to mem- 
brane deformations, providing a structural ratio- 
nale for protein regulatory and catalytic function 
in membrane remodeling. 
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RNA Helicase DDX3 Is a Regulatory 
Subunit of Casein Kinase 1 in 
Wnt—f-Catenin Signaling 


Cristina-Maria Cruciat,’* Christine Dolde,’* Reinoud E. A. de Groot,” Bisei Ohkawara,‘t 
Carmen Reinhard,? Hendrik C. Korswagen,” Christof Niehrs*?+ 


Casein kinase 1 (CK1) members play key roles in numerous biological processes. They are 
considered “rogue” kinases, because their enzymatic activity appears unregulated. Contrary to this 
notion, we have identified the DEAD-box RNA helicase DDX3 as a regulator of the Wnt—B-catenin 
network, where it acts as a regulatory subunit of CK1e: In a Wnt-dependent manner, DDX3 binds 
CK1e and directly stimulates its kinase activity, and promotes phosphorylation of the scaffold 
protein dishevelled. DDX3 is required for Wnt—B-catenin signaling in mammalian cells and 
during Xenopus and Caenorhabditis elegans development. The results also suggest that the 
kinase-stimulatory function extends to other DDX and CK1 members, opening fresh perspectives 
for one of the longest-studied protein kinase families. 


nt—f-catenin signaling plays a pivotal 
role in the development of multicel- 
lular organisms and in disease, notably 
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cancer (/, 2). One important question in Wnt— 
B-catenin signaling concerns the casein kinase 
1 (CK1) family, members of which have both 
negative and positive functions in Wnt signaling 
(3). CK1 kinases play diverse cellular roles from 
yeast to human—e.g., in membrane transport, cell 
division, DNA repair, circadian rhythms, and nu- 
clear localization, as well as Wnt and Hedgehog 
signaling. Yet, despite their importance, whether 
and how these serine-threonine kinases are reg- 
ulated is poorly understood, and the prevailing 
view is that CK1 family members are constitu- 
tively active (3-5). Among CK1 isoforms, CK le 


plays a critical and evolutionarily conserved role 
in Wnt-f-catenin signaling (6-8). As a primary 
target, CKle phosphorylates and activates the 
scaffold protein dishevelled (Dvl) (9, 10), which 
binds components at the interface of Wnt re- 
ceptors and the B-catenin destruction complex 
(11, 12). Dvl phosphorylation by CKle promotes 
binding of the coeffector Frat, dissociation of 
PP2A from the B-catenin degradation complex, 
and stabilization of B-catenin (13, 14). 

We identified DDX3 in a genome-wide small 
interfering RNA (siRNA) screen for previously 
undescribed Wnt-f-catenin regulators in human 
embryonic kidney 239T (HEK293T) cells (75, /6) 
(information on materials and methods is avail- 
able on Science online). DDX3 belongs to the family 
of adenosine 5’-triphosphate (ATP)—dependent 
DEAD-box RNA helicases, for which cellular func- 
tions and biological roles remain incompletely 
understood (/7). DDX3 is a multifunctional pro- 
tein involved in mRNA biogenesis processes and is 
implicated in cell cycle control, apoptosis, tumor- 
igenesis, and viral infection (/8). Knockdown of 
DDX3 by four independent siRNAs inhibited 
signaling in TOPFLASH reporter assays stimu- 
lated by Wnt3a but not by B-catenin (fig. S1, A 
and B). Cotransfection of Xenopus DDX3 rescued 
siDDX3 in a dose-dependent manner (fig. S1C), 
excluding siRNA off-target effects. Wntl, Wnt3a, 
and Dvl1 signaling were inhibited by siDDX3, 
whereas constitutively active LRP6 (LRP6AE14) 
and -catenin were unaffected (Fig. 1A). This epis- 
tasis is consistent with DDX3 acting at the level of 
Dvl, which is required for LRP6 activation. 
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Knockdown of DDX3 and of all three Dvis by 
siRNA did not reduce cytoplasmic B-catenin abun- 
dance, but inhibited nuclear B-catenin accumu- 
lation (Fig. 1B), indicating that loss of DDX3 
phenocopies loss of Dvl in Wnt signaling. Over- 
expressed DDX3 synergized with Wnt3a in Xen- 
opus embryonic axis duplication assays (Fig. 1C), 
as well as in siamois induction (Fig. 1D). These 
results suggest that DDX3 functions in Wnt-B- 
catenin signaling also in Xenopus. 

DDX3 was ubiquitously expressed through- 
out Xenopus embryogenesis (fig. S2). Injection of 
DDX3 antisense morpholino (Mo) oligonucleo- 
tides elicited anteriorized embryos with enlarged 
heads and eyes, shortened tails, and defective 
melanocyte and eye pigmentation (Fig. 1E). 
This is the characteristic phenotype caused by 
inhibition of zygotic Wnt signaling (9, 20). In- 
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deed, knockdown of the Wnt co-receptor LRP6 
with established morpholinos (2/) phenocopied 
DDX3 morphants (Fig. 1E). The DDX3 Mo phe- 
notype was specific because it was very effi- 
ciently rescued by coinjection of human DDX3 
mRNA (Fig. IE). 

Anteriorization of DDX3 morphants was con- 
firmed by expansion of the forebrain markers 
bf1 and otx2, as well as down-regulation of the 
mid-hindbrain boundary marker en2 and the hind- 
brain marker Avox20, whereas the pan-neural marker 
sox3 was unaffected (Fig. 1F and fig. S4A). This 
expression pattern was similar to that observed 
in LRP6 morphants (Fig. 1F). Moreover, DDX3 
morphants showed no apoptosis or changes in cell 
proliferation in the central nervous system (CNS) 
(fig. S3), indicating that the altered neural marker 
gene expression represents a defect of antero- 
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posterior (a-p) neural patterning, wherein Wnt-B- 
catenin signaling acts as a morphogen (22). This 
conclusion was corroborated by gain-of-function 
experiments. When injected as plasmid DNA in 
Xenopus embryos, overexpressed XWnt8 induces 
posteriorized embryos, which lack anterior neural 
structures. DDX3 phenocopied this defect, because 
embryos injected with either DDX3 or XWntS 
DNA showed reduced expression of otx2, en2, 
and sox3 and moderately increased expression of 
krox20 (fig. S4B). 

In Xenopus animal cap assays, DDX3 Mo 
inhibited Wnt3a-stimulated induction of the di- 
rect Wnt targets siamois, xnr3, and myoD, as did 
LRP6 Mo (fig. S4C). Expression of siamois was 
rescued by coinjection of human DDX3 as well 
as of B-catenin mRNA (fig. S4D), indicating that 
DDX3 is specifically required for Wnt signaling 
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Fig. 1. DDX3 is required for Wnt—B-catenin signaling in mammalian cells and 
during a-p neural patterning in Xenopus. (A) Wnt luciferase reporter assay in 
HEK293T cells stimulated with Wnt3a-conditioned medium or by transfection 
with the indicated constructs, in the presence of the indicated siRNAs. RLA, 
relative luciferase activity. Error bars indicate SDs; n = 3, biological triplicates 
of one representative assay. (B) Western blot analysis of endogenous B-catenin 
from cytosolic and nuclear fractions of HEK293T cells stimulated with control or 
Wnt3a-conditioned medium in the presence of the indicated siRNAs. (C) 
Xenopus axis duplication assay by injection of the indicated mRNAs into the 
ventral blastomeres of four-cell-stage embryos. (D) Quantitative polymerase 


chain reaction (QPCR) analysis of siamois using VMZ explants from Xenopus 
embryos injected with the indicated mRNAs. Explants were excised and ana- 
lyzed from gastrula-stage embryos. Error bars indicate SDs; n = 2 assays. VMZ, 
ventral marginal zone; sia, siamois. (E) Tadpole-stage Xenopus embryos that 
were injected at the two-cell stage in the animal hemisphere with DDX3 or 
LRP6 antisense Mo oligonucleotides in the absence or presence of human 
DDX3 mRNA (WT, wild type) as indicated. (F) Whole-mount in situ hybridiza- 
tion of neurula-stage embryos injected at four-cell stage in animal blastomeres 
with the indicated Mo plus B-galactosidase mRNA lineage tracer (red; arrow 
marks injected side). 
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and that it acts upstream of B-catenin. Moreover, 
in Xenopus Wnt-reporter assays, DDX3 Mo in- 
hibited both endogenous and Wnt3a-stimulated 
luciferase expression (fig. S4E). The require- 
ment of DDX3 was specific for Wnt, because 
signaling by various other growth factors (bone 
morphogenetic protein, nodal, transforming growth 
factor—B, and fibroblast growth factor) was unaf- 
fected by DDX3 depletion in Xenopus (fig. S5, A 
to E) and HEK293T cells (fig. S5, F to I). We con- 
clude that DDX3 regulates a-p CNS patterning in 
Xenopus embryos through Wnt-f-catenin signaling. 

To investigate whether the function of DDX3 
in canonical Wnt-B-catenin signaling is evolution- 
arily conserved beyond vertebrates, we knocked 
down F58E10.3, a DDX3 homolog in Caenorhab- 
ditis elegans. We assayed migration of Q neuro- 
blast descendants, which depends on canonical 
EGL-20-Wnt signaling (fig. S6, A to D) (23). 
To sensitize the assay, we included a mutation in 
the Wnt secretion factor vps-29 to reduce EGL- 
20—Wnt ligand concentration (24). Ubiquitous 


knockdown of F'58E10.3 resulted in a twofold 
enhancement of the Wnt loss-of-function pheno- 
type in vps-29 mutants [QL migration: 35% Co 
RNA interference (RNAi); 2 = 187; 70% F58E10.3 
RNAt; 7 = 60; data not shown]. This suggests that 
F58E10.3 is required for EGL-20—Wnt signaling. 
Next, we used the eg/-17 promoter to specifically 
express F'58E10.3 double-stranded RNA in the 
QL neuroblasts (25). This also resulted in an 
increased Wnt signaling defect (fig. S6B), dem- 
onstrating that FS8E10.3 functions cell autono- 
mously. To position F58E10.3 in the canonical 
EGL-20—Wnt pathway, we performed epistasis 
experiments with transgenic lines that overex- 
press EGL-20—Wnt (26) or a constitutively active, 
N-terminally truncated version of BAR-I-B- 
catenin (AN-BAR-1) (27). Overexpression of 
EGL-20—Wnt induces posterior migration of QR 
descendants (fig. S6A bottom) (26), and we 
found that this response was reduced in animals 
treated with F58E/0.3 RNAi (fig. S6C). By con- 
trast, the response to AN-BAR-1 overexpression 


was similar in control and F58E/0.3 RNAHtreated 
animals (fig. S6D), indicating that F58E10.3 
acts downstream of EGL-20—Wnt but upstream 
of BAR-1—f-catenin. In support of this, we found 
that F58E/0.3 RNAi enhances the Wnt signaling 
defect of mig-S—Dvl RNAi (fig. S6B’). The results 
show that a DDX3-related helicase is required for 
Wnt signaling in C. elegans, supporting its evo- 
lutionarily conserved function. 

Because Dvl is positively regulated by DDX3 
and CK le phosphorylation (9, 70), we analyzed 
whether DDX3 may affect phosphorylation of 
Dvl2. Phospho-Dvl2 is typically monitored by its 
lower electrophoretic mobility, and both siDDX3 
and siCK/e inhibited Dvl2 phosphorylation (Fig. 
2A). Conversely, DDX3 cotransfected with a lim- 
iting dose of CK/e induced Dvl2 phosphorylation 
(Fig. 2B). Moreover, in Xenopus animal cap assays, 
DDX3 synergized in a dose-dependent manner 
with limiting doses of Dvl2 and CK Le, but not with 
B-catenin, to increase expression of siamois (Fig. 2C). 
Thus, DDX3 is necessary and sufficient for Dvl2 
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Fig. 2. DDX3 is required for Dvl2 phosphorylation and signalosome for- 


mation. (A) Western blot of endogenous Dvl2, DDX3, 
of HEK293T cells treated with the indicated siRNAs. 


ysis of Dvl2 phosphorylation status in lysates from HEK293T cells trans- 
fected as indicated. (C) QPCR analysis of siamois (sia) in animal cap explants 
from Xenopus embryos. Injected mRNA: hDDX3 (0.5 and 1 ng). Ornithine 


decarboxylase was used for normalization. Dvl2, 


injected samples are set to 1. (D) Western blot of the indicated endogenous 
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(B) Western blot anal- 
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proteins from membrane lysates of NTERAZ2 cells treated with the indicated 
siRNAs and stimulated for 1 hour with Wnt3a-conditioned medium or control 
medium. tot. LRP6, total LRP6. (E) Confocal microscopy of HeLa cells trans- 
fected with Dvl2-HA or V5-CK1e in the absence or presence of DDX3-Myc. 
A low dose of CK1e was used, as high CK1e leads to nonvesicular Dvl due 
to decreased polymerization (41). (F) CoIP of V5-CK1e with Dvl2-Flag 
from lysates of transfected HEK293T cells in the presence or absence of 
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phosphorylation by CK le and functionally inter- 
acts with both in Wnt signaling. 

Wnt signal transduction involves LRP6 re- 
ceptor clustering in signalosomes and phospho- 
rylation at Thr'*”? (T1479), a process that depends 
on Dvl (28). Thus, LRP6 T1479 phosphorylation 
is also a proxy for Dvl activation. Indeed, Wnt- 
induced LRP6 T1479 phosphorylation was in- 
hibited not only by CK/e and Dvis siRNAs, but 
also by depletion of DDX3 (Fig. 2D), showing 
its requirement for signalosome formation. 

Dvl localizes in characteristic cytoplasmic 
punctae, which reflect its property to oligomerize 
(28, 29). By immunofluorescence microscopy 
of cells transfected with Dv/2 and a low dose 
of CK/e, we observed the typical Dv12 punc- 
tae, whereas CKle showed diffuse staining. 
Cotransfection of DDX3 induced recruitment 
of CK le in Dvl2 punctae (Fig. 2E). Likewise, 
in coimmunoprecipitation (CoIP) experiments, 
transfected DDX3 enhanced recruitment of CK le 
to Dvl2 (Fig. 2F). Dvl2-CKle-DDX3 punctae 
were positive for the multivesicular body (MVB) 
marker TSG101, and transfected Dvl2 alone 
also partially localized in MVBs (fig. S7, A and 
B). MVBs represent a late-stage compartment 


of endocytic Wnt signalosomes and they se- 
quester glycogen synthase kinase GSK3f from 
the cytoplasm, thereby protecting B-catenin from 
degradation (30). These gain- and loss-of-function 
experiments suggest that DDX3 induces DvI1 phos- 
phorylation via CKle and thereby stimulates 
signalosome formation. 

In CoIP experiments with overexpressed pro- 
teins, Dvl2 and CK1e bound to DDX3 (fig. S7C). 
However, in in vitro binding assays only CKle 
bound to DDX3, but not Dvl2 (Fig. 3A), sug- 
gesting that the interaction with CK le is direct, 
whereas Dvl2 interaction with DDX3 may be 
indirect and, e.g., via CKle. The interaction of 
DDX3 with CK1e was also confirmed by CoIP 
of endogenous proteins (Fig. 3B and fig. S8A), 
and this binding was insensitive to ribonuclease 
treatment (fig. S8, B and C). We examined 
whether the DDX3-CKle interaction is regu- 
lated by Wnt, because CK le activity is Wnt in- 
ducible (37). In CoIPs with endogenous proteins, 
Whnt3a stimulation enhanced binding of CK le to 
DDX3 (Fig. 3C). Wnt3a stimulation also promoted 
recruitment of DDX3 to the plasma membrane 
(fig. S7D). The results indicate that DDX3 binds 
directly to CK1e in a Wnt-dependent manner. 
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DDX3 consists of an N- and a C-terminal 
region, which form independently folding sub- 
domains (32). Both domains contribute to two 
enzymatic activities of DDX3, ATP hydrolysis 
and RNA unwinding (Fig. 3D). Structure-function 
analysis revealed that for DDX3 binding to CKle 
(Fig. 3E) and for Wnt signaling (figs. S9, A to 
D, and S10), neither of these enzymatic activ- 
ities is essential and that most of the C-terminal 
subdomain of DDX3 is required, whereas the 
N-terminal subdomain is dispensable. Deletion 
of the N terminus up to amino acid residue 456, 
including domains essential for ATP binding and 
hydrolysis and RNA helicase, had little effect 
on CKle binding (Fig. 3E, lanes 3 and 4) or 
on the ability of the protein to rescue Wnt sig- 
naling in siDDX3-treated cells (fig. S9, A to C). 
By contrast, DDX3°°*** failed in both binding 
to CKle (Fig. 3E, lane 5) and Wnt signaling 
(fig. S9D). Failure in Wnt signaling was also 
observed for C-terminal deletions DDX3*°°°®, 
DDx3*°°”3, and DDX3'%”? (fig. S10). In addi- 
tion, we analyzed two mutants with impaired en- 
zymatic activities: an RNA helicase—deficient 
mutant (AAA) and a mutant in which both helicase 
and ATPase activity are inhibited (DQAD) (33). 
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(B) CoIPs of endogenous proteins from lysates of HEK293T cells. Anti-Dvl3 serves as negative control. 

(*) Nonspecific band. (C) ColPs of endogenous proteins from lysates of HEK293T cells stimulated with control or Wnt3a-conditioned medium. (D) Schematic 
representation of C-terminally Myc-tagged DDX3 constructs used. Q and | to VI represent the conserved motifs of DEAD-box helicases, which are organized in 
domain 1 and 2 (17). Motifs Q, |, II, and VI bind ATP and are required for ATP hydrolysis. Motifs la, Ib, IV, and V are involved in RNA binding. Motif III is 
responsible for the communication between ATP-binding and RNA-binding sites. The Wnt signaling ability of DDX3 deletion mutants (from figs. S9 and $10) 
is summarized on the right. (E) ColPs from lysates of HEK293T cells transfected with the indicated tagged constructs. DDX3 constructs as in (D). 
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When injected in Xenopus animal caps as mRNA, 
both mutants cooperated with Wnt3a in siamois 
induction (fig. S8, D and E), again demonstrating 
that DDX3 enzymatic activity is dispensable for 
Wnt-f-catenin signaling. These mutations also 
had no effect on the ability of the protein to 
colocalize with Dvl2 in transfected cells (fig. S8, 
F and G). 

Because the data indicated that DDX3 pro- 
motes phosphorylation of Dvl2 by CKle, we 
asked if this effect is direct. In in vitro kinase 
assays with recombinant proteins, DDX3 great- 
ly stimulated CK1le phosphorylation of Dvl2, 
and DDX3 itself also became phosphorylated 
(Fig. 4A). Moreover, DDX3 strongly enhanced 
CKle activity toward a generic CK1-specific 
peptide substrate (Fig. 4B). 

CKle is an autorepressed enzyme because 
its autophosphorylated C-terminal domain inter- 
acts with and inhibits the kinase (34, 35). This 
autoinhibition can be relieved in vitro by protein 
phosphatases (36). However, the phosphatase in- 
hibitor okadaic acid did not change the stimu- 
latory effect of DDX3 on CK le (fig. SILA). 
Moreover, a CK le deletion mutant lacking the 
autoinhibitory tail (Flag-CK1eAC) had increased 
kinase activity, as expected, but was even more 
stimulated by DDX3 (Fig. 4C) and still bound to 
DDX3 (fig. S11B). In addition, DDX3 had no 
influence on the autophosphorylation of full- 
length or mutant CKle (fig. S11, C and D). 
Moreover, other CK1 isoforms, which are not 
autorepressed, were also stimulated by DDX3 
(see below). Hence, DDX3 activates CK le in- 
dependent of its C-terminal autophosphorylation. 

Instead, kinetic analysis revealed a novel 
mechanism of CK1 activation: Although DDX3 
had little effect on the K,, (apparent Michaelis 
constant) of CKle toward its peptide substrate, 
it greatly improved the K,, of the kinase toward 
ATP, from 108 to 24 uM (fig. S12). This was ac- 
companied by a ~15-fold increased Viyax. Thus, 
DDX3 acts as a V-type allosteric activator of 
CKle, a regulatory mode typically found in pro- 
tein kinases and small GTPases involved in sig- 
nal transduction (37). 

To delineate the domains required for CKle 
stimulation, we tested immunopurified DDX3 
deletion mutants in kinase assays. Whereas 
DDXx3*>°* and DDX3*°°°* stimulated CK le 
activity, DDX3°"*°* showed no activity (fig. 
S9E), reflecting their CKle binding and Wnt 
signaling activities. 

Because CK1 family members share a high- 
ly conserved kinase domain, we examined whether 
DDX3 activates other CK1 isoforms as well. 
Indeed, DDX3 stimulated not only CKle but 
also the three CK1 isoforms o, 5, and y2, where- 
as GSK3B8 activity was unaffected (Fig. 4D). To 
corroborate that DDX3 regulates CK1 activity 
in vivo, we carried out kinase assays with CK le, 
CK1la, and CKly immunoisolated from cells 
after DDX3 siRNA knockdown. Wnt treatment 
was reported to stimulate CK le kinase activity 
(31), and we could confirm this (Fig. 4E). No- 
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tably, siDDX3 reduced CK le kinase activity in 
unstimulated as well as in Wnt3a-stimulated cells, 
indicating that DDX3 regulates CK le activity 
in vivo. siDDX3 also reduced activity of CK1a, 
which negatively acts in Wnt signaling (3), but 
upon Wnt stimulation, siDDX3 ceased to reduce 
CK1a activity (Fig. 4F), suggesting that Wnt sig- 
naling uncouples CK 1a regulation by DDX3. 
Unlike CKle and CK1o, CK1y activity was not 
inhibited by siDDX3 (fig. S13A). To corroborate 
that DDX3 promotes Wnt signaling primarily 
by activation of CK le instead of CK1y, we an- 


alyzed constitutively active LRP6AE1-4, for which 
T1479 phosphorylation bypasses the need for 
Wnt and Dv (28). Although LRP6AE1-4 T1479 
phosphorylation was, as expected, reduced by 
dominant negative CK1y, it remained unaffected 
by siDDX3, siDvi, or siCK/e (fig. S13B). 
Finally, we tested other DDX family mem- 
bers in CK le kinase assays (Fig. 4G). Notably, 
DDX4 and DDX56 also potently stimulated 
CKle kinase, whereas other DDX proteins had 
little or no effect. No stimulation was observed 
also with DHX58 and -32 RNA helicases, DNA 
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Fig. 4. DDX3 and other DEAD-box RNA helicases directly activate CK1 family members. (A) CK1e 
in vitro kinase assay with recombinant Dvl2 as substrate in the absence or presence of recombinant DDX3. 
Autoradiography after SDS—page polyacrylamide gel electrophoresis showing °“P incorporation. (B to 
D) In vitro kinase assays with the indicated recombinant kinases and CK1- or GSK3-specific peptide 
substrate in the absence or presence of DDX3. (E and F) In vitro kinase assays of endogenous CK1e (E) 
and CK1q (F) coimmunoprecipitated from lysates of HEK293T that were treated with the indicated 
siRNAs and stimulated with control or Wnt3a-conditioned medium. Kinase activity was normalized to 
total kinase (Western blot, lower panel). The experiment was performed three times with similar results. 
(G) CK1e in vitro kinase assay with CK1 peptide substrate in the absence or presence of the indicated 


recombinant proteins. Error bars indicate SDs; n = 3 


assays. cpm, counts per minute. 
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helicases XRCCS5 and 6 and Fubp1, as well as 
the GTP-ase ARFRP1. Together the results raise 
the possibility that other DDX members also 
function as regulatory subunits of the CK1 
family. 

Our study reveals an unexpected biological 
and cellular activity of the RNA helicase DDX3 
in Wnt-B-catenin signaling and shows that this 
multifunctional protein is a regulatory subunit 
of CK1le. We propose a model wherein Wnt ac- 
tivation promotes recruitment of DDX3 to CK1e, 
which stimulates the kinase to phosphorylate and 
regulate target proteins, including Dvl. This in 
turn promotes clustering of Wnt-receptor com- 
plexes on Dvl aggregates and formation of 
signalosomes. Intriguingly, DDX3 is recurrently 
mutated in medulloblastomas belonging to a 
“Wnt subgroup” (38-40), which may be ratio- 
nalized by our findings. Although DDX3 regulates 
Wnt--catenin signaling in Xenopus develop- 
ment, C. elegans, and mammalian cells, it may 
not universally activate CK1. 

That DDX3 regulates CK le is surprising 
given the long-held view that CK1 family mem- 
bers are constitutively active and that specificity 
is regulated by substrate priming and enzyme- 
substrate proximity. Our results indicate that 
the kinase-stimulatory function may well ex- 
tend to other DDX members and likewise not 
be limited to CKle, opening fresh perspectives 
for one of the longest-studied protein kinase 
families. 
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Phosphorylation of Dishevelled 
by Protein Kinase RIPK4 
Regulates Wnt Signaling 


XiaoDong Huang,’2 James C. McGann,?* Bob Y. Liu,** Rami N. Hannoush,>* 
Jennie R. Lill, Victoria Pham,° Kim Newton,? Michael Kakunda,’ Jinfeng Liu,’ 
Christine Yu,® Sarah G. Hymowitz,® Jo-Anne Hongo,’ Anthony Wynshaw-Boris,?° 
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Receptor-interacting protein kinase 4 (RIPK4) is required for epidermal differentiation and is 
mutated in Bartsocas-Papas syndrome. RIPK4 binds to protein kinase C, but its signaling 
mechanisms are largely unknown. Ectopic RIPK4, but not catalytically inactive or Bartsocas-Papas 
RIPK4 mutants, induced accumulation of cytosolic B-catenin and a transcriptional program 
similar to that caused by Wnt3a. In Xenopus embryos, Ripk4 synergized with coexpressed Xwnt8, 
whereas Ripk4 morpholinos or catalytic inactive Ripk4 antagonized Wnt signaling. RIPK4 interacted 
constitutively with the adaptor protein DVL2 and, after Wnt3a stimulation, with the co-receptor 
LRP6. Phosphorylation of DVL2 by RIPK4 favored canonical Wnt signaling. Wnt-dependent 
growth of xenografted human tumor cells was suppressed by RIPK4 knockdown, suggesting that 
RIPK4 overexpression may contribute to the growth of certain tumor types. 


ice lacking receptor-interacting protein 
kinase 4 (RIPK4) die at birth with fused 
external orifices that result from defec- 
tive epidermal differentiation (/). In humans, R/PK4 
mutations cause autosomal recessive Bartsocas- 
Papas syndrome, which is characterized by se- 
vere defects in face, skin, and limb development 


(2, 3). To investigate RIPK4 signaling, we used 
a PathwayFinder (QIAGEN, Hilden, Germany) 
polymerase chain reaction (PCR) array to deter- 
mine gene expression changes in human em- 
bryonic kidney 293T cells after transfection with 
RIPK4. Up-regulation of Wnt target genes such 
as CCND1, LEF1, JUN, Myc, and TCF7 (fig. S1) 


prompted us to compare RIPK4 transfection to 
Wnt3a treatment in human PA-1 teratocarcinoma 
cells. RIPK4, but not the related kinases RIPK1, 
RIPK2, and RIPK3, caused transcriptional changes 
similar to those caused by Wnt3a (Fig. 1A), up- 
regulating AXIN2, APCDD1, GAD1, and NKX1-2 
(fig. S2). RIPK4 also activated a Wnt-dependent 
TOPbrite (4) luciferase reporter in 293 cells 
(Fig. 1B). 

Wnt signaling stabilizes B-catenin in the cy- 
tosol, thereby facilitating its interaction with TCF 
transcription factors to drive Wnt-dependent gene 
expression (4). 293T cells overexpressing RIPK4 
contained more cytosolic B-catenin than did cells 
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transfected with empty vector, RIPK1, RIPK2, or 
RIPK3, but they did not contain more CTNNB/ 
mRNA (Fig. 1C). Therefore, RIPK4 may inhibit 
B-catenin protein degradation in a similar manner 
to Wnt signaling. The kinase activity of RIPK4 
appeared to be critical for its Wnt-like effects 
because catalytically inactive mutant RIPK4- 
K5IR (KSIR: Lys°'—Arg”! ) neither activated the 
TOPbrite reporter nor altered cytosolic B-catenin 
levels (fig. S3). RIPK4 interaction with protein 
kinase C 6 (PKC-8) or PKC-8 was neither suffi- 
cient nor required for increased cytosolic B-catenin 
because the K51R mutation did not prevent PKC 
binding (fig. S4A), and knockdown of both PKC 
isoforms had no effect on B-catenin accumulation 
by wild-type (WT) RIPK4 (fig. S4B). Bartsocas- 
Papas syndrome RIPK4 point mutants (I81N and 
1121N; I, Ile; N, Asn) and a truncation mutant 
(S376X; S, Ser; X, stop codon.) did not alter the 
amount of cytosolic B-catenin (Fig. 1D), imply- 
ing that RIPK4 signaling to B-catenin may be rel- 
evant to mammalian development. 

We investigated whether RIPK4 was re- 
quired for Wnt signaling in various cell lines. 
RIPK4 knockdown in 293T, ovarian A2780, and 
ovarian COV434 cells reduced Wnt3a-induced ac- 
cumulation of B-catenin, TOPbrite luciferase ac- 
tivation, and transcription of AXIN2 and APCDD1 
(Fig. 1E and fig. S5), whereas Wnt3a signaling 
in pancreatic PANC-1, kidney 786-O, and breast 
Hs578T cells was not compromised by RIPK4 
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knockdown (fig. S6). Therefore, the contribu- 
tion of RIPK4 to Wnt signaling appears to be 
context-dependent. 

To explore a role for RIPK4 during develop- 
ment, we overexpressed Xenopus laevis Ripk4 
in the ventral-vegetal cells of Xenopus embryos, 
where ectopic expression of Wnt pathway ago- 
nists causes axis duplication (5). Ripk4 alone did 
not produce a secondary axis, but it synergized 
with subthreshold amounts of Xenopus WntS 
(Xwnts), such that a full secondary axis developed 
in ~25% of embryos (Fig. 2A). Ripk4 overexpres- 
sion in dorsal-marginal cells, like expression of 
Wnt agonists (6), broadened the region express- 
ing the dorsal organizer gene Chordin (Fig. 2B). 
Catalytically inactive Ripk4-K52R had no effect 
(Fig. 2B). To test whether Ripk4 was necessary 
for Wnt signaling in vivo, we suppressed Ripk4 
expression in Xenopus embryos with translation- 
blocking morpholinos and measured expression 
of Wnt target gene Xnr3 in animal cap cells (7). 
Xnr3 induction by Xwnt8 was reduced (Fig. 2C 
and fig. S7), suggesting that RIPK4 is necessary 
for optimal Wnt pathway activation in this region. 
Absence of Xbra expression in the animal cap 
samples excluded the possibility that Xnr3 derived 
from contaminating mesodermal tissue. Ripk4 
morpholinos also anteriorized the neural tube and 
caused a posterior shift in the hindbrain marker 
gene Engrailed2 (Fig. 2D), a phenotype linked 
to reduced Wnt signaling (8). Two different Ripk4 
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morpholinos caused this phenotype, which was 
reversed by injection of human R/PK4 (Fig. 2D, 
column 3), ruling out nonspecific, off-target effects 
of the morpholinos. Ripk4-K52R overexpression 
in dorsal-anterior cells elicited similar changes 
to those caused by Ripk4 morpholinos (Fig. 2D, 
column 4), consistent with the kinase inactive mu- 
tant interfering with signaling by endogenous 
Ripk4. Finally, Ripk4 or Xwnt8 overexpression had 
the opposite effect of Ripk4 depletion, expand- 
ing and shifting Engrailed2 expression anteriorly 
(Fig. 2D, columns 5 and 6). Collectively, these 
experiments indicate that Ripk4 can regulate Wnt 
signaling in vivo. 

To investigate how RIPK4 regulates Wnt sig- 
naling, we monitored RIPK4-induced accumu- 
lation of cytosolic B-catenin and activation of a 
TOPbrite reporter gene after small interfering RNA 
(siRNA)-mediated depletion of Wnt pathway com- 
ponents. Loss of either the Wnt co-receptor LRP6 
or the Dishevelled adaptor proteins (DVLI to 3) 
blocked the increase in cytoplasmic B-catenin 
(fig. SSA) and decreased TOPbrite luciferase ac- 
tivity (fig. S8B). Endogenous RIPK4 coimmuno- 
precipitated with endogenous DVL2 from 293T 
cells, irrespective of Wnt3a treatment (Fig. 3A). 
A direct interaction seems likely, as in vitro trans- 
lated DVL2 and RIPK4 interacted as well (fig. 
S8C). Wnt3a treatment induced interaction of 
LRP6 with RIPK4, albeit not until 15 min after 
treatment (Fig. 3B). These findings are consistent 
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Fig. 1. Stimulation of the canonical Wnt pathway by 
RIPK4. (A) Heat maps show gene expression patterns 
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determined by RNA sequencing in PA-1 cells transfected 
with empty vector, RIPK1, RIPK2, RIPK3, or RIPK4 for 
48 hours or treated with 200 ng/ml Wnt3a for 16 hours. 
(Left) Hierarchical clustering of variance-stabilized 
expression values for genes with substantial changes 
in the treatment groups compared with the vector group. 


(Right) Pearson's correlation coefficients between samples. (B) Expression of a TOPbrite luciferase reporter in 293 cells transfected with the constructs 
indicated and then cultured in the absence or presence of Wnt3a for 5 hours. Error bars represent the SEM of triplicate measurements. Results are 
representative of three independent experiments. (C) Cytosolic B-catenin protein abundance (top) and CTNNB1 gene expression (bottom) in 293T cells 
transfected with RIPK4. Error bars represent the SEM of triplicate measurements. (D) Cytosolic B-catenin in 293T cells transfected with Bartsocas-Papas 
syndrome RIPK4 mutants. (E) Cytosolic B-catenin in A2780 or COV434 cells transfected with control (Ctrl) or RIPK4 siRNAs for 60 hours and then 


treated with vehicle or Wnt3a for 2 hours. 
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Fig. 2. Modulation of Wnt signaling in Xenopus by Ripk4. (A) Secondary axis 
formation in Xenopus embryos injected ventral vegetally with Ripk4 (1 ng), 
Xwnt8 (1 pg), or both. Two hundred sixty-nine embryos were examined in 
three independent experiments. Representative embryos are shown. (B) Length 
of Chordin expression along the blastopore lip of embryos injected at the four- 
cell stage with the RNAs indicated. Error bars represent the mean + SEM of 108 
embryos. Vegetal views of representative embryos are shown. au, arbitrary 
units. (C) Reverse transcriptase (RT) PCR analyses show the effect of Ripk4 


Engrailed 2 


morpholinos on Xwnt8-induced expression of Xnr3 in Xenopus animal cap cells. 
Control reactions contained RNA from stage 10.5 Xenopus embryos with or 
without RT. Amplification of epidermal keratin and ornithine decarboxylase 
(ODC) confirmed RNA integrity. (D) Engrailed2 expression (blue) after blasto- 
mere injection at the two-cell stage (Ripk4-MO1, Ripk4-MO2, sorted by fluo- 
rescence of a coinjected fluorescein tracer) or the four-cell stage (all others). 
Right, injected side; top, anterior. Red staining is due to a nuclear B-galactosidase 
tracer. 
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Fig. 3. Phosphorylation of DVL by RIPK4 promotes canonical Wnt signaling. 
(A) In 293T cells, endogenous RIPK4 coimmunoprecipitated with endogenous 
DVL2 in the presence or absence of 200 ng/ml Wnt3a for 30 min. Control (Ctrl) 
and RIPK4 siRNAs confirmed RIPK4 antibody specificity. WCL, whole-cell 
lysates; IP, immunoprecipitation. (B) Endogenous RIPK4 coimmunoprecipitated 
with endogenous LRP6 in 293T cells treated with Wnt3a. (C) In vitro kinase 
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assays using the RIPK4 kinase domain and the DVL2 DEP (or PDZ) domain as a 
substrate. M.W., molecular weight. (D) RIPK4-dependent phoshorylation of 
endogenous DVL2 in 293T cells treated with Wnt3a for 10 min. Asterisks in- 
dicate nonspecific bands. (E) Effect of RIPK4-GFP on DVL2-FLAG cellular dis- 
tribution in HeLa cells. Cells containing DVL2 puncta were enumerated by 
counting 250 cells per condition. Scale bars, 10 um. 
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with RIPK4 acting at the level of the Wnt re- 
ceptor complex. 

We explored whether RIPK4 phosphorylated 
LRP6, DVL, or their associated proteins. Finding 
no evidence of LRP6 phosphorylation, we focused 
on the DVL proteins as potential RIPK4 substrates. 
When DVL2 was coexpressed in 293T cells with 
RIPK4 or K51R catalytic inactive mutant RIPK4, 
two phosphopeptides, GDGGIYIGS?""IMK and 
KYAS*°GLLK (G, Gly; D, Asp; Y, Tyr; M, Met; 
A, Ala; L, Leu), derived from the PDZ and 
DEP domains of DVL2, respectively, were en- 
riched in cells expressing WT RIPK4 (fig. S9A). 
Both sites are conserved, being found in Xenopus, 
zebrafish, mouse, and human DVL isoforms 
(fig. S9B). 

To determine if RIPK4 phosphorylated DVL2 
directly, we purified the kinase domain of RIPK4 
(amino acids 1 to 300) from Sf9 insect cells and 
tested its ability to phosphorylate the PDZ or 
DEP domains of DVL2 in vitro. The WT RIPK4 
kinase domain, but not the K51R mutant, phos- 
phorylated both domains, and mutation of DVL2 
Ser*”® and Ser**° prevented this phosphorylation 
(Fig. 3C). Antibodies recognizing each DVL2 
phosphorylation site detected WT DVL2 overex- 
pressed in 293T cells, but not DVL2 with the rel- 
evant serine residue mutated to alanine (fig. S9C). 
Further confirming the specificity of the anti- 
bodies, the WT DVL2 bands were not detected 
when the lysates were treated with calf intestinal 
alkaline phosphatase (fig. S9D). In keeping with 
DVL2 being a RIPK4 substrate, phosphoryl- 
ation at Ser~”® and Ser** increased dramatically 
when DVL2 was cotransfected with RIPK4, but 
not RIPK4-K51R (fig. S9D). 

When 293T cells were stimulated with Wnt3a, 
phosphorylation of DVL2 at Ser”** and Ser**° 


A 


increased transiently after 10 min (fig. S9E); this 
was attenuated by RIPK4 depletion (Fig. 3D and 
fig. S9E). To determine if DVL2 phosphorylation 
was necessary for Wnt3a signaling, we depleted 
Dvi3 from DvlI~’ Dvil2-~ mouse embryo fibro- 
blasts to obtain DVL-null cells that were recon- 
stituted with either WT or phospho-site mutant 
S298A/S480A DVL2. Cells expressing DVL2 
S298A/S480A contained less cytosolic B-catenin 
after Wnt3a treatment than did cells expressing 
WT DVL2 (fig. S9F), suggesting that phospho- 
rylation at one or both sites was necessary for 
maximal Wnt3a signaling. 

Wnt3a treatment redistributes cytoplasmic 
DVL proteins into large signaling complexes 
detected as punctate structures by immuno- 
fluorescence microscopy (9). Approximately 
20% of HeLa cells expressed DVL2-FLAG in 
puncta, whereas the rest contained cytoplasmic 
DVL2-FLAG (Fig. 3E). Cotransfection of RIPK4— 
green fluorescent protein (GFP) increased the 
percentage of cells with DVL2 puncta to more 
than 75% (Fig. 3E and fig. S10), suggesting 
that RIPK4 facilitates assembly of the DVL2 
signalosome. DVL2 S298A/S480A did not form 
more puncta when coexpressed with RIPK4, 
whereas DVL2 containing a single Ser-to-Ala 
mutation behaved like WT DVL2 (Fig. 3E). 
These data indicate that RIPK4 phosphorylation 
at Ser*** and Ser“*° promotes DVL2 signalosome 
assembly. 

Mutations that enhance Wnt signaling are 
found in various human cancers (/0), so we ex- 
amined human tumors for overexpression of 
RIPK4. Microarray data revealed increased RIPK4 
mRNA in many ovarian, skin, and colorectal tu- 
mors (Fig. 4A). We detected RIPK4 protein and 
cytosolic f-catenin in several human ovarian adeno- 


carcinomas; by contrast, RIPK4 was less abun- 
dant, and we did not detect cytosolic B-catenin in 
most noncancerous ovarian tissue samples (Fig. 
4B and fig. S11A). To determine if RIPK4 con- 
tributes to tumor growth by enhancing Wnt signal- 
ing, we used a R/PK4 short hairpin RNA (shRNA) 
to deplete RIPK4 from the Wnt-dependent human 
teratoma—derived NTERA-2 xenograft tumor 
model (//). We used colon HCT116 cells with an 
activating B-catenin mutation (/2) as a control. 
Although RIPK4 depletion from the NTERA-2 
and HCT116 cells was incomplete (fig. S11B), 
growth of the NTERA-2 cells in athymic nude 
mice was suppressed (Fig. 4, C and D). By con- 
trast, RIPK4 depletion had no effect on HCT116 
tumor growth. RIPK4 depletion from NTERA-2 
tumors, but not HCT116 tumors, decreased ex- 
pression of two Wnt-responsive genes, GAD/ and 
AXIN2 (fig. S11C), implying a critical role for 
RIPK4 in Wnt signaling upstream of B-catenin 
stabilization. 

We have identified a RIPK4 signaling mecha- 
nism that might explain why its mutation in mam- 
mals causes severe developmental defects. RIPK4 
appears to be recruited to the LRP6 co-receptor 
and phosphorylates DVL proteins after Wnt stimu- 
lation, leading to maximal stabilization of B-catenin 
and transcription of Wnt-responsive genes (fig. S12). 
Mutant forms of RIPK4 associated with human 
Bartsocas-Papas syndrome are compromised in 
this signaling ability. RIPK4 expression is re- 
stricted to vertebrates, indicating that phospho- 
rylation of DVL proteins in lower organisms might 
require a different kinase. Finally, the finding 
that RIPK4-mediated Wnt signaling may promote 
human ovarian cancer suggests that small- 
molecule inhibitors of RIPK4 might hold ther- 
apeutic potential. 
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A Localized Wnt Signal Orients 
Asymmetric Stem Cell Division in Vitro 


Shukry J. Habib,“?* Bi-Chang Chen,” Feng-Chiao Tsai,” Konstantinos Anastassiadis, * 


Tobias Meyer,? Eric Betzig,? Roel Nusse?* 


Developmental signals such as Wnts are often presented to cells in an oriented manner. To 
examine the consequences of local Wnt signaling, we immobilized Wnt proteins on beads and 
introduced them to embryonic stem cells in culture. At the single-cell level, the Wnt-bead induced 
asymmetric distribution of Wnt—B-catenin signaling components, oriented the plane of mitotic 
division, and directed asymmetric inheritance of centrosomes. Before cytokinesis was completed, 
the Wnt-proximal daughter cell expressed high levels of nuclear B-catenin and pluripotency 
genes, whereas the distal daughter cell acquired hallmarks of differentiation. We suggest that 

a spatially restricted Wnt signal induces an oriented cell division that generates distinct cell 
fates at predictable positions relative to the Wnt source. 


symmetric cell division is a fundamental 
Aw= involved in many aspects of stem 

cell biology and cancer (/), but insight 
into external cues that control asymmetric divisions 
is limited (2). Although much has been learned 
from examining asymmetric cell divisions in vivo 
(3-5), the complexity of tissues and the multipli- 
city of signals create challenges to understanding 
how localized growth factors affect cell behaviors 
at the single-cell level. Using in vitro studies, sin- 
gle cells and their divisions can be followed; 
however, growth factors that are added to the 
tissue medium present signals in a nonoriented 
way. To study how a given growth factor af- 
fects cell divisions or cell fates at the level of 
the individual cell, methods should be used to 
present purified signaling molecules in an ori- 
ented way. 

Previously we found that Wnt3a protein main- 
tains the self-renewal of several types of stem 
cells, including embryonic stem (ES) cells (6). 
Conversely, blocking endogenous Wnt signals 
made by ES cells leads to differentiation toward 


Department of Developmental Biology, Howard Hughes Med- 
ical Institute, Institute for Stem Cell Biology and Regenerative 
Medicine, Stanford University, 265 Campus Drive, Stanford, CA 
94305, USA. “Janelia Farm Research Campus, 19700 Helix Drive, 
Ashburn, VA 20147, USA. 3Department of Chemical and Systems 
Biology, Stanford University, Stanford, CA 94305, USA. “BIOTEC, 
Technische Universitat Dresden Tatzberg 47-51, 01307 Dresden, 
Germany. 


*Corresponding author. E-mail: rnusse@stanford.edu (R.N.); 
shabib@stanford.edu (S.J.H.) 


Epiblast stem cells (EpiSCs) (6). ES cells are 
grown in media supporting pluripotency that 
include conditions that globally activate Wnt 
signaling (called 21) (7, 8) and induce ES cells 
to divide in mainly symmetrical patterns (9). 
Hence, ES cells could provide a useful exper- 
imental model for assessing how a local rather 
than a global Wnt signal might direct stem cell 
fate choices. 

To examine the effect of a spatially localized 
Wnt signal on ES cells, we immobilized Wnt sig- 
nals to beads and observed single cells with live 
imaging. Although Wnt3a maintains ES cell pluri- 
potency (6), the WntSa protein, which commonly 
operates through a non—f-catenin—dependent path- 
way (/0), did not (figs. S1 and S8F), allowing 
us to use WntSa as a control. We chemically im- 
mobilized purified Wnt3a or Wnt5a proteins to 
beads (figs. S2A and S3A) and confirmed their 
biological activity (figs. S2, B to D, and S3, B 
and C). ES cells were plated at low density in 
the presence of leukemia inhibitory factor (LIF), 
and individual cells with a bead attached were 
followed by live cell microscopy as they divided. 
We examined the location of Wnt signaling com- 
ponents by antibody staining. In the presence of 
Wnt3a beads (Fig. 1A), but rarely with WntSa 
beads (fig. S4), the Wnt receptor LRP6 became 
asymmetrically localized to the side of the ES 
cell contacting the bead. Moreover, a Frizzled1- 
GFP (green fluorescent protein) fusion protein 
(fig. S5) and the adenomatous polyposis coli (APC) 
protein, a component of the B-catenin destruc- 


tion complex, were detected in close proximity 
to the Wnt3a beads (Fig. 1A and fig. S6). 

In ES cells contacting Wnt3a beads before di- 
vision, B-catenin was distributed asymmetrically 
close to the bead, overlapping with the location 
of APC (Fig. 1A and fig. S6). During division, 
B-catenin was retained at high abundance in the 
prospective proximal daughter cell, both at the cell 
membrane and in the nucleus (Fig. 1B). The 
asymmetric distribution of these Wnt compo- 
nents was maintained after the cells divided: The 
daughter cell in proximity to the Wnt3a bead 
preserved high amounts of LRP6 and APC, in 
contrast to the lower amounts in the distal cell 
(Fig. 1C and fig. S6). 

Wnt pathway components can interact with 
astral microtubules and other components of the 
mitotic spindle, including centrosomes (//, /2). 
We investigated the effect of Wnt beads on the 
asymmetric inheritance of the centrosomes by 
expressing tagged Centrin1 (a component of the 
centriole) and the appendage component Ninein 
(3, 14). Ninein marks the centrosome with the 
older centriole (/3—/5), whereas the other cen- 
trosome receives new centrioles that initially lack 
these structures. By the end of division, centro- 
somes in 78% of the cells (7 = 18) that were 
attached to Wnt3a beads had a high abundance 
of Ninein (Fig. 2, A and B), whereas the segre- 
gation of Ninein was almost random in the pres- 
ence of the Wnt5a beads (54%; n = 15).Thus, the 
association with Wnt3a beads correlates with the 
asymmetric inheritance of centrosomes. 

Because centrosomes orient the mitotic spin- 
dle, we investigated whether Wnt beads direct 
the orientation of cell division and partitioning 
of chromosomes during mitosis (/6). ES cells 
expressing a histone 2B—Venus chimeric protein 
to mark chromosomes (Fig. 2, C and D) were 
incubated with Wnt beads and monitored during 
mitosis by rapid three-dimensional imaging of 
living cells (77). In 75% of the dividing cells 
(n = 16), the axis of mitotic division was ori- 
ented in line with the Wnt3a bead (Fig. 2C and 
movie S1), whereas only 12% of divisions were 
oriented toward Wnt5a control beads (n = 12; 
Fig. 2D and movie S2). 

We investigated the effect of localized Wnt 
signals on pluripotency gene expression, by using 
various ES reporter cells including cells express- 
ing a Nanog-Venus fusion protein and GFP-based 
reporters for Rex1, Sox2, and Stella (/8—21). 
Pluripotency proteins were also followed by 


www.sciencemag.org SCIENCE VOL 339 22 MARCH 2013 


Downloaded from www.sciencemag.org on March 21, 2013 


1445 


1446 


REPORTS 


antibody staining. The expression of Nanog, 
Rex1, and Stella has been shown to decline dur- 
ing ES cell differentiation (/8—23). In dividing 
ES cells, we found that the transcriptional acti- 
vities and protein abundance of the pluripotency 
markers were markedly higher in the Wnt3a- 
proximal daughter compared to the distal one 
(Fig. 3, A to C; fig. S7C; fig. S8, A to C; and 
fig S9; and movies S3 to S6). Differences in gene 
expression levels were detectable before cyto- 
kinesis was complete (Fig. 3B, at 140 min; fig. 
S9A (a), at 120 min; and fig. S9B (a), at 200 min). 
By contrast, in the presence of Wnt5a beads, the 
two daughters had similar levels of marker ex- 
pression (Fig. 3C; fig. S7, A to C, fig. S8, D to F; 
and fig. S9; and movies S7 to S10). As might be 
expected, cells exposed to two Wnt3a beads at 
opposing ends divided symmetrically (fig. S10). 
As additional controls, we generated attenuated 
forms of Wnt3a, using Wnt3a beads that were 
treated after coupling with a range of concen- 
trations of the reducing agent dithiothreitol, low- 
ering the signaling activity of the beads in a 
dose-dependent manner (fig. S3, B and C). The 
potency of these beads in inducing asymmetric 
gene expression of the reporter Rex1-GFP was 
reduced commensurate with the remaining level 
of Wnt signaling (fig. S6). We also tested the 
activity of another signal implicated in the Wnt 
pathway; an active form of R-Spondin bound 
to beads (fig. S11A). There was no significant 
effect on asymmetric gene expression (Fig. 3C), 
possibly related to the behavior of R-Spondin 
in vivo, where it acts as a systemic rather than a 
local Wnt activator (24). 

Under “standard” conditions, including feeder 
cells that can be source of Wnts or the 21 condi- 
tions, ES cells divide mainly symmetrically (6-9). 
We asked whether a global Wnt environment 
would be required for the symmetrical divisions 
that ES cells undergo. As a test, we perturbed Wnt 
signaling locally by applying the Wnt inhibitor 
Dickkopf (DKK) on beads (fig. $11B). Under 
these conditions, we found a significant number 
of divisions giving rise to asymmetric gene ex- 
pression in the daughter cells, but in a manner 
opposite to that induced by the Wnt beads. With 
DKK-beads, the distal cell had higher expres- 
sion of the pluripotency gene Rex] than the proxi- 
mal cell (Fig. 3C). We could rescue the effect of 
a local Wnt or Wnt inhibition by incubating 
the cells at the same time under the 2i conditions 
(7, 8), indicating that the asymmetry induced 
by Wnt3a or DKK beads was not a nonspecific 
perturbation of the cells (Fig. 3C). We argue, 
based on the asymmetric Wnt inhibition exper- 
iments, that uniform Wnt signaling is required 
for symmetric daughter cell fate. 

The lower levels of pluripotency markers 
in the Wnt3a-distal daughter cell suggested that 
distal cells enter a differentiation program with 
hallmarks of EpiSCs (22). The pluripotency gene 
Oct4 is expressed at similar levels in ES cells and 
EpiSCs (6, 25, 26). We observed symmetrical 
distribution of Oct4-Venus after cell division, 


either in the presence of Wnt3a or Wnt5a beads 
(Fig. 4, A and B). We assessed the expression of 
EpiSC markers, including Claudin6 (6, 25), which 
was higher in 60% of Wnt3a-distal cells (Fig. 4C) 
compared to WntSa distal cells (23% asymmetric 
expression; fig S12). H3K27me3 focal staining, 
a hallmark of an inactivated X chromosome in 
female ES cells (27), was detected in 57% of 
Wnt3a bead—distal ES cells after division (Fig. 
4D). Thus, localized Wnt3a signal specifies that 
the Wnt3a-distal cell enters a differentiation pro- 
gram with hallmarks of EpiSC fate. 

The findings reported here suggest a mech- 
anism for external control of asymmetric stem 
cell division and differentiation. Specifically, a 
spatially localized Wnt signal orients the mitotic 
division plane of stem cells. Then, in the divid- 
ing cell, the Wnt signal produces an asymmetric 
distribution of Wnt signaling components, gen- 
erating a “Wnt-on” proximal cell that maintains 


ES pluripotency and a “Wnt-off” distal cell that 
differentiates toward an EpiSC cell fate. There- 
fore, by orienting cell division, the Wnt signal 
positions the distal daughter cell out of its sig- 
naling range, leading to differentiation. 

Although the protein distribution of Wnt sig- 
nals in tissues is mostly unknown, a role for Wnts 
in setting up polarity is supported by findings 
made in vivo. Wnt signaling receptors in Caeno- 
rhabditis elegans and Drosophila distribute asym- 
metrically in cells that are exposed to local Wnt 
sources (28, 29). In C. elegans, the position of 
the P2 cell, which expresses Wnt, determines the 
polarity and divisional orientation of the neigh- 
boring EMS cell, leading to different fates of the 
EMS daughters (3—5). By growing single cells 
exposed to a symmetry-breaking signal, we have 
developed a system that allows for precise real- 
time examination of processes involved in asym- 
metric cell divisions. 
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Fig. 1. Wnt3a beads induce asymmetric distribution of components of the Wnt/B-catenin pathway. 
Representative images of ES cells cocultured with Wnt3a beads (indicated by dashed yellow circle 
or reconstructed as a yellow square) and stained with antibodies to LRP6 (white), APC (cyan), and 
B-catenin (red). (A) Before division; (B) during division; (C) after division. The beads are 2.8 um. 
The far right panels show optical sections through the nucleus. DAPI, 4’,6-diamidino-2-phenylindole; DIC, 


differential interference contrast. 
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Fig. 2. Asymmetric inheritance of centrosomes and 
the orientation of the plane of mitotic division. Time- 
lapse imaging of dividing single ES cells cocultured 
with Wnt3a beads (indicated by a dashed yellow 
circle) and (A) expressing enhanced green fluorescent 
protein (EGFP)—Ninein (cyan; arrows) and DsRedex— 
Centrin1 (magenta). Dotted orange line indicates the 
boundary between two cells. (B) Immunostaining for 
endogenous Ninein (arrowheads). BF: bright-field 
image. (C and D) Representative images from three- 
dimensional time-lapse microscopy of segregating 
chromosomes in ES cells expressing H2B-Venus that 
were cocultured with Wnt3a beads (blue) or Wnt5a 
beads (red). 
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Fig. 3. Expression of the pluripotency genes Rex1 and Nanog during ES cell C 


division. (A) Selected frames from time-lapse imaging of a dividing Rex-1 GFP 
reporter ES cell in the presence of a Wnt3a bead (indicated by a dashed yellow 
circle). The far right panel shows antibody staining for endogenous Rex-1 protein. 
(B) Selected frames from time-lapse imaging of a dividing Nanog-Venus reporter 
ES cell in the presence of a Wnt3a bead. Signal intensities of all frames were 
individually determined, and the mean + SD intensity values plotted. Red triangles 
represent signal intensities of the cell retaining contact with the bead after division. 
(C) Representative images of time-lapse microscopy of dividing Rex-1 GFP ES re- 
porter cells cocultured in the presence of the indicated beads in 2i or 2i-free media. 
Cell divisions were classified based on the relative expression of GFP and plotted. 
Red bar: higher GFP amounts in the bead-proximal cell; yellow bar: higher amounts 
of GFP in the bead-distal cell; blue bar: similar amounts of GFP in either cell. 
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both cells. (C) Antibody staining for Claudin6 in an ES cell cocultured with a 
Wnt3a bead. (D) Representative images of antibody staining for H3K27me3 
(arrows) in LF2 female ES cells cocultured with Wnt3a or Wnt5a beads. Dividing 
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Type | interferons (IFN-o. and IFN-B) are important for protection against many viral infections, 
whereas type II interferon (IFN-y) is essential for host defense against some bacterial and parasitic 
pathogens. Study of IFN responses in human leprosy revealed an inverse correlation between IFN-B 
and IFN-y gene expression programs. IFN-y and its downstream vitamin D—dependent antimicrobial 
genes were preferentially expressed in self-healing tuberculoid lesions and mediated antimicrobial 
activity against the pathogen Mycobacterium leprae in vitro. In contrast, IFN-B and its downstream 
genes, including interleukin-10 (IL-10), were induced in monocytes by M. leprae in vitro and 
preferentially expressed in disseminated and progressive lepromatous lesions. The IFN-y—induced 
macrophage vitamin D—dependent antimicrobial peptide response was inhibited by IFN-B and by 


IL-10, suggesting that the differential production of 
in some human bacterial infections. 


resistance versus susceptibility is central to 


T= identification of mechanisms of host 
our ability to develop new approaches to 


IFNs contributes to protection versus pathogenesis 


prevent and/or treat human infectious diseases. 
In most instances, the human immune response 
restricts the infection, preventing or limiting the 


22 MARCH 2013 VOL 339 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on March 21, 2013 


extent of disease. However, in some individuals 
the infection is not contained and instead pro- 
gresses. Protective immunity against many intra- 
cellular bacteria depends on type | helper (Ty1) 
T cell responses, in particular the production of 
the type II interferon (IFN), IFN-y, which can 
activate antimicrobial responses (/). However, 
the induction of type I IFNs, important for host 
defense against viral infections, is ineffective in 
the context of bacterial pathogens (2), such as 
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Mycobacterium tuberculosis, and is associated 
with a greater extent of disease (3). These clinical- 
immunological correlations suggest that type I 
IFNs can suppress IFN-y—induced antimicrobial 
responses in humans. 

To explore the mechanisms by which type I 
IFNs may suppress IFN-y—induced host defense 
responses, we chose leprosy, a disease of skin 
and nerves caused by the intracellular pathogen 
Mycobacterium leprae, as a model for under- 
standing the dynamics of immune responses in 
skin lesions. The clinical presentations of leprosy 
compose a spectrum that correlates with the 
type of immune response induced. In the self- 
healing tuberculoid (T-lep) form, the host immune 
response is able to effectively combat the patho- 
gen, there are few skin lesions, and bacteria are 
rare. In the disseminated lepromatous (L-lep) 
form, the host immune response fails, resulting 
in numerous skin lesions characterized by abun- 
dant intracellular bacilli. T-lep lesions express Ty! 
cytokines including IFN-y, whereas L-lep lesions 
are characterized by Ty2 cytokines as well as 
interleukin-10 (IL-10) (4). Reversal reactions (RRs) 
represent a shift from the L-lep toward the T-lep 
form, accompanied by a reduction of bacilli in le- 
sions and enhanced Ty1 cytokine responses (5). 

The gene expression profiles of skin lesions 
from leprosy lesions were first evaluated by prin- 
cipal component analysis and hierarchical clus- 


REPO 


tering analysis (Fig. 1, A and B, and fig. S1), 
both revealing a distinct gene expression profile 
in L-lep lesions as compared with T-lep and RR 
lesions. Although the signal for all type I IFN 
mRNAs, including all 13 IFN-a genes and one 
IFN-B gene, was within the microarray background 
noise resulting in absent calls, integration of the 
leprosy gene expression profiles with IFN-induced 
transcriptional profiles in healthy human _pe- 
ripheral blood mononuclear cells (PBMCs) (6) re- 
vealed that genes specifically induced by IFN-f, 
including IL-10, were significantly enriched in the 
L-lep gene expression profile. In contrast, IFN-y- 
specific genes were significantly enriched in the 
T-lep (Fig. 1C and fig. S2) and RR lesions (fig. S3). 
The presence of a type I IFN gene expression sig- 
nature in L-lep lesions was confirmed by analysis 
using the “‘interferome” database of IFN-regulated 
genes (7) (fig. S4). 

An overall summation score of the IFN-B and 
IFN-y profiles of each leprosy patient, calculated 
by using a gene voting approach (8), revealed a 
significant inverse correlation between the IFN- 
inducible programs; the IFN-f profile greatest 
and the IFN-y profile lowest in L-lep lesions; and 
the IFN-y profile greatest and IFN-B lowest in 
T-lep and RR lesions (r = —0.89, Fig. 1D). Fur- 
ther analysis revealed in L-lep lesions an IFN- 
B—IL-10 pathway (9), previously shown to inhibit 
IFN-y activation of macrophages in a mouse model 
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Fig. 1. IFN signatures in leprosy skin lesions. (A) 
Unsupervised principal component analysis (PCA) 
of L-lep, T-lep, and RR skin lesion gene expres- 


sion profiles. Total three-dimensional PCA mapping as 81.5% of variance (PC1 = 69.5%, PC2 = 8.75%, 
and PC3 = 3.25%). (B) Unsupervised clustering analysis using differentially expressed genes between 
L-lep, T-lep, and RR (coefficient of variation > 1.0). Individual squares represent the relative gene 
expression intensity of the given gene (rows) in a patient (columns), with red indicating an increase in 
expression and green a decrease. (C) Enrichment analysis of overlap between IFN-o-, IFN-B—, and IFN- 
y—specific genes (induced and repressed; limited to genes modulated by only one IFN family mem- 
ber) identified in healthy human PBMCs and L-lep— and T-lep—specific leprosy lesion transcripts (fold 
change > 1.5 and P < 0.05). Dotted lines indicate either the expected fold enrichment of one (top) or the 
hypergeometric enrichment P value of 0.05 (log P = 1.3, bottom). Hypergeometric analyses were performed to determine fold enrichment (observed/expected) 
and signed log enrichment P value (negative for deenriched). The Bonferroni multiple hypothesis test correction was applied for each group (n = 6). (D) IFN-B— 
and IFN-y—specific gene voting summation scores were calculated for individual patient lesions in the leprosy subtypes of L-lep, T-lep, and RR. 
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of infection (/0). In contrast, an IFN-y—inducible 
vitamin D-dependent antimicrobial pathway (//) 
was found in the T-lep and RR lesions (fig. S5). 

Analogous to leprosy, most individuals in- 
fected with M. tuberculosis localize and cure or 
contain the infection (latent tuberculosis); but in 
about 10% of patients the infection progresses 
to clinical disease, including pulmonary tuber- 
culosis. A key study of gene expression profiles 
in peripheral blood from tuberculosis patients 
found a differential expression of an IFN-inducible 
gene profile in patients with active versus latent 
disease (3); the training cohort from this study is 
referred to here as TB1. Integration of the TB1 
gene expression profiles with the PBMC-defined 
IFN-specific genes revealed an IFN-B—induced 
gene program in active tuberculosis (figs. S6 and 
S7). Comparison of the IFN-B signature in L-lep 
lesions versus TB1 as well as a second indepen- 
dent active tuberculosis cohort, TB2 (72), iden- 
tified a common signature of 16 IFN-B—induced 
genes (hypergeometric P value = 0.0007, fig. S7). 
Further integration with the gene expression pro- 
file of IL-10—-treated monocytes revealed that 9 
of 16 IFN-B-induced genes in the leprosy and 
tuberculosis common signature are also down- 
stream of IL-10 (hypergeometric P value = 0.02, 
fig. S7). The data indicate that a common IFN-B— 
inducible gene program correlates with extent 
of disease in both leprosy and tuberculosis, sug- 
gesting that IFN-B is a common factor contribut- 
ing to pathogenesis in the two distinct mycobacterial 
diseases. 


Fig. 2. IFN-f is up-regulated in L-lep lesions. (A) 
Total mRNA was isolated from L-lep (n = 10), T-lep 
(n = 10), and RR (n = 10) skin lesions; and the 
IFN-B, IFNAR1, and IFN-y mRNA levels were an- 
alyzed by quantitative PCR (qPCR). The levels 
of IFN-B, IFNAR1 and IFN-y were normalized to 
glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) levels in the same tissue. Statistical sig- 
nificance was calculated by one-way ANOVA fol- 
lowed by the posttest, Newman-Keuls multiple 
comparison test for IFN-B and IFNR1, and Kruskal- 
Wallis followed by Dunn’s multiple comparison 
test for IFN-y. **P < 0.01; *P < 0.05. (B) IFN-B 
and IFNAR1 expression were detected in leprosy 
lesions (T-lep, L-lep, and RR); one representative 
labeled section is shown out of at least five; scale 
bars, 40 um. Original magnification, 100x. (Insets) 
Higher magnification of inflammatory infiltrate 
areas. Original magnification, 400x. 
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IFN-B mRNA, detected by polymerase chain 
reaction (PCR), was more strongly expressed in 
L-lep versus T-lep lesions and L-lep versus RR 
lesions [analysis of variance (ANOVA), P < 0.05, 
Fig. 2A]. The mRNA expression for IFNAR1, 
encoding one of the type I IFN receptors, was 
more strongly expressed in L-lep versus either 
T-lep or RR lesions (Fig. 2A). In contrast, IFN-y 
mRNA was more highly expressed in both T-lep 
and RR versus L-lep lesions (Kruskal-Wallis, P < 
0.05, Fig. 2A), consistent with previous findings 
by in situ hybridization (/3) and PCR (4, 5). 
IFN-8 and IFNARI protein expression was also 
more evident in L-lep than T-lep or RR lesions, 
being present in cells throughout the granuloma 
(Fig. 2B and fig. S8). IFN-f protein was found 
to localize in macrophages in L-lep lesions (figs. 
S9 to S11) colocalizing with CD14, CD209, and 
CD163 (/4). The elevated expression of IL-10 
transcripts in L-lep versus T-lep and RR in le- 
sions, as well as other classic type I IFN-inducible 
genes, was also corroborated by PCR (Fig. 3A 
and fig. $12). IL-10 protein was also more highly 
expressed in L-lep lesions (Fig. 3B), in macro- 
phages as well as T cells (figs. S13 and S14). 
Double immunofluorescence revealed that IFN-B 
and IL-10 are coexpressed in L-lep lesions, with 
some cells expressing individual cytokines (Fig. 
3C and fig. S15). 

Both live and sonicated M. leprae induced 
IFN-8 mRNA and protein in vitro (Fig. 3D). 
Investigation of the relation between IFN-B and 
IL-10 revealed that IFN-B was sufficient to in- 


duce IL-10 secretion (fig. S16) and that M. leprae 
induction of IL-10 (Fig. 3E) was partially depen- 
dent on type I IFN signaling, blocked by about 
40% by monoclonal antibodies (mAbs) against 
IFNAR2 (anti-IFNAR2) (Fig. 3F and fig. $17) 
(9). Together, these data provide evidence for 
an M. leprae—IFN-B—IL-10 pathway in L-lep 
lesions. 

Analysis of the IFN-y—induced genes in T-lep 
lesions revealed several antimicrobial pathways, 
including activation of the vitamin D-dependent 
antimicrobial pathway, which leads to the induction 
of the antimicrobial peptides CAMP (cathelicidin) 
and DEFB4 (beta-defensin 2), previously shown 
to be involved in antimicrobial activity in leprosy 
(14, 15) and tuberculosis (/, //, 16, 17). The gene 
expression data confirmed the differential ex- 
pression in T-lep and RR versus L-lep lesions of 
CYP27B1 mRNA, which encodes the vitamin 
D-la-hydroxylase that converts the prohormone 
25-hydroxyvitamin D [25(OH)D] to the bioactive 
1,25-dihydroxyvitamin D [1,25(OH)2D] form, as 
well as the mRNA for the vitamin D receptor 
(VDR), the transducer of 1,25(OH)2D-directed 
action in the nucleus of the cell (Fig. 4A). The 
expression of both CYP27B1 and the VDR were 
inversely correlated with IL-10 expression in the 
lesions (fig. S18). 

On the basis of the differential expression of 
type I versus type II IFN-inducible pathways in 
leprosy, we hypothesized that IFN-B and IL-10 
inhibited the IFN-y—induced antimicrobial path- 
way. The ability of IFN-y to up-regulate CYP27B1 
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and VDR expression was completely blocked by 
the addition of IFN-B or IL-10 (fig. S19). In ad- 
dition, the ability of IFN-B to inhibit IFN-y in- 
duction of CYP27B1 and VDR was reversed by 
the addition of neutralizing monoclonal anti-IL- 
10 (fig. S19). IL-10 also inhibited IFN-y induc- 
tion of CYP27B1 activity in macrophages (/8), 
blocking the metabolic conversion of 25(OH)D 
to bioactive 1,25(OH).D (79) (Fig. 4B). Al- 
though IFN-y weakly inhibited the vitamin D— 
24-hydroxylase activity [catabolism of 25(OH)D 
to the inactive 24,25(OH)2D metabolite], this was 
also reversed by the addition of IL-10 (fig. S20). 
It should be noted that the Tj,2 cytokine IL-4, 
also preferentially expressed in L-lep lesions 
(4, 20), enhances 24-hydroxylase activity, which 
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Fig. 3. IL-10 is increased in L-lep lesions and 
is induced by IFN-B and M. leprae in vitro. 
(A) Total mRNA was isolated from L-lep 
(n = 10), T-lep (n = 10), and RR (n = 10) 
skin lesions, and IL-10 mRNA levels were 
analyzed by qPCR. The levels of IL-10 were 
normalized to GAPDH levels in the same 


tissue. Statistical significance was calculated 200 
by ANOVA followed by Newman-Keuls mul- 
tiple comparison test. ***P < 0.001;**P< — 499 


0.01. (B) IL-10 expression in leprosy lesions 
(T-lep, L-lep, and RR); one representative 
labeled section is shown out of at least five 
individuals; scale bars, 40 im. Original mag- 
nification, 200x. (Insets) Higher magnifi- 


IL-10 (pg/ml) 


inactivates 1,25(OH)2D (19). Therefore, we con- 
clude that IL-10 and IL-4 coordinate to regulate 
vitamin D metabolism and catabolism to inhibit 
IFN-y—induced antimicrobial responses. 

The ability of IFN-y to up-regulate antimi- 
crobial peptide gene expression, cathelicidin and 
DEFB4, was completely blocked by addition of 
IFN-B and IL-10 (Fig. 4C) and was reversed by 
the addition of anti-IL-10 (Fig. 4C). Thus, IFN-B 
was shown to inhibit the expression of key genes 
involved in antimicrobial activity in human mono- 
cytes and macrophages. The effect of type I and 
II IFNs on the viability of intracellular M. leprae 
was subsequently investigated in vitro by using 
an infection model. Because M. leprae cannot be 
grown in vitro, we measured viability based on 


the ratio of M. leprae 16S rRNA to the M. leprae 
repetitive element DNA (/5, 2/). IFN-y induced 
an antimicrobial activity against M. leprae in 
monocytes by ~35%, which was blocked ~70% by 
pharmacologic inhibition of the VDR (Fig. 4D) 
and completely abrogated by the addition of either 
IFN-B or IL-10 (Fig. 4F and fig. $21). The ability 
of IFN-B to inhibit the IFN-y—induced antimi- 
crobial response against M. leprae was almost 
completely reversed by the addition of anti-IL-10. 
These studies indicate that the type I IFN pro- 
gram prominently expressed in L-lep lesions in- 
hibits the IFN-y—induced antimicrobial response 
against M. leprae, primarily through the interme- 
diation of IL-10 (fig. S22). Additionally, type I 
IFNs block the ability of inflammasome activators 
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cation of inflammatory infiltrate area. Original magnification, 400x. (C) 
Colocalization of IFN-B (green) and IL-10 (red) in the inflammatory infiltrate of 
L-lep lesions. Data are representative of three individual L-lep samples; arrows 
indicate colocalization of the two cytokines. (D) Human monocytes were stim- 
ulated with live M. leprae (mLEP) or sonicated mLEP. After 6 hours, qPCR was 
performed for detection of IFN-B (FC, fold change); supernatants were collected 
after 24 hours for detection of IFN-B by enzyme-linked immunosorbent assay. 
Data are represented as mean + SEM, n = 7. Statistical significance was 
calculated by two-tailed Student's f test. **P < 0.01; *P < 0.05. (E) Monocytes 
were stimulated with live mLEP or sonicated mLEP for 24 hours, and IL-10 


protein levels were detected. Data are represented as mean + SEM, n = 7. 
Statistical significance was calculated by two-tailed Student's f test. *P < 0.05. (F) 
Human monocytes were stimulated with mLEP sonicated alone or in combination 
with either human IFNAR2 antibody or isotype control for 24 hours, and IL-10 
protein levels were detected. Data are represented as mean + SEM, n = 4. Left 
graph shows the levels of IL-10 subtracted from media (average + 64.5 pg/ml), 
and right graph shows the percentage of inhibition of IL-10 levels. Statistical 
significance was calculated by one-way ANOVA, and comparison between two 
groups was confirmed by the posttest and Newman-Keuls multiple comparison 
test. ***P < 0.001; ** P < 0.01. IgG2a, immunoglobulin y2a. 
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(22) or M. tuberculosis infection (23, 24) to trig- 
ger production of IL-1, a cytokine also required 
for induction the vitamin D antimicrobial path- 
way (16). The inverse correlation between the 
expression of IFN-B versus IFN-y, as well as their 
downstream target genes, suggests that the rel- 
ative expression of IFNs at the site of infection 
is a key determinant of the outcome of the host 
response in leprosy. In studying a chronic human 
disease, it is difficult to separate initial cause from 
effect, but the data indicate that the IFN-B in the 
fully developed disease is suppressing the de- 
velopment of a protective response. We also note 
that the relevance of the vitamin D pathway for 
host defense in leprosy is reflected in the genetic 
association of VDR single-nucleotide polymor- 
phisms in L-lep patients (25) and the reported 
successful use of vitamin D as a therapeutic ad- 
juvant in the treatment of leprosy (26). 


We believe that these findings in the spec- 
trum of leprosy may provide useful insights into 
mechanisms of resistance and pathogenesis in 
the related mycobacterial disease, human tuber- 
culosis. Analogous to leprosy, in tuberculosis, 
IFN-y is critical for control of the infection. How- 
ever, in some individuals, the infection with 
M. tuberculosis progresses to pulmonary and dis- 
seminated disease, analogous to the progressive 
form of leprosy. The most striking characteristic 
of the blood-based profiling “signature” for ac- 
tive tuberculosis was the increase in a set of genes 
regulated by IFN-B (3, /2), with an overlap in 
IFN-B— and IL-10—induced genes similar to pro- 
gressive leprosy. The presence of the IL-10 sig- 
nature profile in blood of tuberculosis patients 
and the finding of IL-10 mRNA and protein at 
the site of disease (27) suggest that there is likely 
to be a causal association between the IFN-B 
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Fig. 4. IFN-B and IL-10 inhibit antimicrobial pathway induced by IFN-y. (A) Distribution of CYP27B1 
and VDR mRNA by microarray analysis of L-lep (n = 6), T-lep (n = 10), and RR (n = 7) skin lesions 
shown in arbitrary units (AU). Statistical significance was calculated for CYP27B1 by ANOVA followed 
by Newman-Keuls multiple comparison test and, for VDR, by Kruskal-Wallis followed by Dunn's 
multiple comparison test. ***P < 0.001; **P < 0.01; *P < 0.05. (B) Human monocytes were treated 
with IL-10, IFN-y, and IFN-y plus IL-10 for 48 hours followed by incubation with radiolabeled meta- 
bolite cholecalciferol (D3), 25(OH)D3 for 5 hours, and the ability to convert 25(OH)D3 to 1,25(OH)2D3 
was measured by HLPC. Enzymatic conversion data are represented as mean + SEM and show three 
different donors, each studied in triplicate. Statistical significance was calculated by one-way ANOVA 
repeated measures test followed by Newman-Keuls multiple comparison test. *P < 0.05. (C) Human 
monocytes were stimulated with IFN-y alone or in combination with IFN-B and IL-10, antibody against 
human IL-10 was added in the monocyte culture in combination with IFN-y + IFN-B for 24 hours, and 
the cathelicidin (Cath) and DEFB4 mRNA levels were detected by qPCR. Data are represented as 
mean + SEM, n = 7. Statistical significance was calculated by two-tailed Student's f test. *P < 0.05. (D) 
Human monocytes were pretreated with IFN-y and then infected with M. leprae at a multiplicity of 
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and IL-10 profiles in active mycobacterial dis- 
eases and tissue damage. This raises the possibil- 
ity that, in individuals who are able to maintain 
their M. tuberculosis in a latent or persistent state, 
a decrease in the type II IFN response or an in- 
crease in the type I response, perhaps induced 
by intercurrent viral infection, could shift the 
balance from latent to active disease. 

We suggest that tuberculosis, like leprosy, 
comprises a spectrum of protective and pathogenic 
responses (28). From an evolutionary standpoint, 
if the immune response were fully effective in 
killing the pathogen, neither historically ancient 
disease would exist. When innate and acquired 
responses are compromised, as in HIV, tubercu- 
losis, often seen as a chronic infectious disease, 
is transformed into a rapidly fatal disease, as 
in the case of extensively drug resistant (CDR) 
tuberculosis (29). Because M. tuberculosis exists 
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infection of 10:1 overnight. After infection, cells were treated with IFN-y alone or in combination with VDR antagonist (VAZ). Viability of mLEP was calculated 
by the ratio of bacterial 165 RNA and DNA (RLEP) detected by qPCR, and percent increase or decrease relative to no treatment (media) was determined. Data 
are represented as mean + SEM, n = 5. Statistical significance was calculated by two-tailed Student's t test. *P < 0.05. (E) Human monocytes were pretreated 
and infected as described in (D). After infection, cells were treated with IFN-y alone or in combination with IFN-B or IL-10; in some instances, human IL-10 
antibody was added to the culture in combination with IFN-y plus IFN-B for 4 days. Viability of M. leprae was calculated as described in (D). Data are 
represented as mean + SEM, n = 10. Statistical significance was calculated by two-tailed Student's t test. *P < 0.05. 
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essentially only in human species, it is likely to 
have evolved to persist in the human population, 
with a sufficient number of individuals develop- 
ing pathology to assure transmission by aerosol 
and survival of the pathogen, the remainder con- 
taining the pathogen by protective host immune 
responses. Therapeutic interventions to block IFN- 
B-induced pathologic responses as well as enhance 
in IFN-y responses may be an effective strategy 
to alter the balance to favor protection in myco- 
bacterial and other infections. 
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Dual Origin of the 


Epithelium of the 


Mammalian Middle Ear 


Hannah Thompson and Abigail S. Tucker* 


The air-filled cavity and ossicles of the mammalian middle ear conduct sound to the cochlea. Using 
transgenic mice, we show that the mammalian middle ear develops through cavitation of a neural crest 
mass. These cells, which previously underwent an epithelial-to-mesenchymal transformation upon leaving 
the neural tube, undergo a mesenchymal-to-epithelial transformation to form a lining continuous with 
the endodermally derived auditory tube. The epithelium derived from endodermal cells, which surrounds 
the auditory tube and eardrum, develops cilia, whereas the neural crest—derived epithelium does not. 
Thus, the cilia critical to clearing pathogenic infections from the middle ear are distributed according to 
developmental derivations. A different process of cavitation appears evident in birds and reptiles, 
indicating that this dual epithelium may be unique to mammals. 


he mammalian middle ear is an air-filled 
cavity housed within the auditory bulla 
with three ossicles suspended within it, 
connecting the eardrum to the inner ear. The epi- 
thelial lining of the middle ear in the ventral re- 
gion is continuous with the auditory (Eustachian) 
tube, which connects the middle ear to the phar- 
ynx. At embryonic day 12.5 (E12.5) in the mouse, 
the ossicles condense within the neural crest— 
derived first and second pharyngeal arches, ad- 
jacent to the developing inner ear and dorsal to 
the tip of the first pharyngeal pouch (/). In early 
postnatal mice, the future middle ear cavity is 
filled with neural crest cells surrounding the de- 
veloping ossicles (2), which are positioned in the 
dorsal region of the future cavity (the attic), in 
addition to mesodermal cells that will mature to 
form the middle ear muscles. A process called 
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cavitation then occurs in which the neural crest 
cells are replaced by an air-filled cavity (2, 3), 
which surrounds the ossicles and muscles, allow- 
ing free movement in response to sound (fig. S1). 
The whole cavity is lined by an epithelium. 

The current model of middle ear cavitation 
was proposed by Wittmaack (4) and suggests that 
the endoderm of the first pharyngeal pouch ex- 
tends into the middle ear region, expanding and 
enveloping the middle ear structures, resulting in 
a cavity lined completely by endoderm. Howev- 
er, the middle ear cavity has suspended within 
it three ossicles in addition to muscles, blood ves- 
sels, and nerves that would prevent an epithelium 
expanding through as a continuous sheet. This 
prompted Schwarzbart to propose that during 
cavitation the endoderm ruptured and the neu- 
ral crest formed the lining of the middle ear (5). 
To resolve these issues, we have made use of 
newly developed transgenic mouse lines Sox/7- 
2Aicre (6) and WntIcre (7) crossed with the 
reporter mouse line R26R (8). When stained 


with X-Gal, this system permanently labels 
cells of endodermal or neural crest origin blue 
and therefore allows the embryonic origin of 
tissues within the developing middle ear to be 
determined. 

Sox17-2AicreR26R mice trace cells that are 
currently expressing, or have previously expressed, 
Sox17. These include cells of endodermal origin 
and blood vessels. Contrary to previously pub- 
lished data that the epithelial lining of the middle 
ear is of endodermal origin (9, 70), the fully cav- 
itated middle ear from P14 in Sox/7-2AicreR26R 
mice was found to be labeled blue only in the 
epithelium around the opening to the auditory 
tube (Fig. 1B), with unstained epithelium around 
the attic region above the ossicles and along the 
cochlea (Fig. 1A). To determine the origin of the 
nonendodermal epithelial cells, Wnt/creR26R mice 
were stained with X-Gal. Around the auditory 
tube, the epithelium was LacZ-negative (Fig. 
1D), whereas the epithelium lining the cavity 
around the ossicles and cochlea was LacZ-positive 
(Fig. 1C), in a complementary pattern to that ob- 
served in the Sox17-cre line. Careful mapping of 
the middle ear cavity with these reporter lines 
showed that the auditory tube and surrounding 
middle ear epithelium, extending up to and slight- 
ly beyond the eardrum on the lateral side, was 
endoderm-derived. In contrast, neural crest cells 
were found lining the middle ear cavity on the 
medial wall covering the otic capsule/cochlea 
and lining the attic region of the cavity in the 
vicinity of the ossicles (Fig. 1E) (number of sam- 
ples analyzed = 15). In humans, the attic is con- 
nected to the mastoid air space, and these are 
therefore also likely to be lined with a neural crest- 
derived epithelium. The epithelium lining the mid- 
dle ear cavity is therefore of dual origin, roughly 
half neural crest and half endodermal. 
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If there are neural crest cells lining the mid- 
dle ear cavity and it is assumed that the middle 
ear cavity is covered by an epithelium, it sug- 
gests that mesenchymal neural crest cells have 
undergone a mesenchyme-to-epithelium trans- 
formation (MET). This would mean that neural 
crest cells in this region of the ear start life in the 
neural tube as epithelial, transform to mesen- 
chyme to migrate into the pharyngeal arches, and 
then transform back to an epithelium. A neural 
crest origin of the corneal endothelium has pre- 
viously been shown in the eye (//). To confirm 
whether this was the case in the ear, markers 
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Fig. 1. The epithelial lining of the middle ear cavity is of dual origin. (A to D) 
X-Gal and eosin staining of postnatal mouse middle ears. LacZ-negative 
cells (A) and LacZ-positive cells of endoderm origin (B) are seen lining 


the middle ear cavity (arrows) in Sox17-2AicreR26R at P14. LacZ-positive 100 um. 
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Fig. 2. Neural crest cells in the middle ear undergo a MET. (A) P20 
Wnt1creR26R ear immunostained against E-cadherin (arrow). (B) LacZ staining of 
tissue in (A) shows neural crest origin of E-Cad positive tissue (arrow). (C and D) 
X-Gal— and eosin-stained K14creR26R neural crest—derived epithelium showing 


involved in epithelial-mesenchymal transforma- 
tion (EMT) were investigated. Immunostaining 
for the epithelial-specific molecule E-cadherin 
was performed on X-Gal-stained WntlcreR26R 
postnatal mice. The LacZ-positive blue cells 
lining the cavity of the middle ear expressed 
E-cadherin (Fig. 2, A and B). Cytokeratin14 
(K14) is an epithelial-specific cytoskeletal pro- 
tein. Using X-Gal staining on the K/4creR26R 
mice (/2), we observed that the epithelium of 
neural crest origin at postnatal day 14 (P14) did 
not express K14 (Fig. 2C); however, by P16 this 
gene was now expressed by all the epithelium 


(Fig. 2D). Finally, to determine when the basal 
lamina of the epithelium was produced, we per- 
formed immunostaining against laminin and saw 
no expression at P14, just as cavitation is com- 
pleting (Fig. 2E), but strong expression by P19 
(Fig. 2F). This suggests that MET of neural crest 
cells occurs a few days after the cavitation of 
the ear is complete, resulting in the transforma- 
tion of the neural crest cells at the retracting edge 
into an epithelium. A failure in the retraction of 
this mesenchyme, or a failure in the transforma- 
tion of the mesenchyme to an epithelium, would 
result in retention of mesenchyme in the cavity 
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(C) and LacZ-negative (D) cells are observed (arrows) in Wnt1creR26R at 
P16. (E) Schematic representing the distribution of the endoderm and 
neural crest epithelium and indicating the positions of (A) to (D). Scale bar: 
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LacZ-negative cells (C) at P14 and Keratin14 expressing blue cells at P16 [arrow 
in (D)]. (E and F) Immunostaining against laminin (red) and 4”,6-diamidino-2- 
phenylindole (DAPI) (blue) showing neural crest epithelium without a basal lamina 
at P14 [arrow in (E)], but with a basal lamina by P19 [arrow in (F)]. Scale bar: 60 um. 
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and air spaces and may explain cases of resid- 
ual mesenchyme observed in mutant mice and 
human patients (3, /3). 

Previous studies in humans (/4, /5), rats 
(9, 16), and guinea pigs (17, /8) have noted that 
the epithelium lining the middle ear cavity is of 
a different type in different regions of the cavity. 
The middle ear epithelium is known to be either 
pseudostratified; containing ciliated, goblet, and 
basal cells; or a simple epithelium without any 
cilia. We used scanning electron microscopy 
(SEM) to analyze the distribution of cilia within 
the mouse middle ear. We found that there were 
regions of densely ciliated epithelium (Fig. 3A), 
regions of epithelium with short cilia and long 
cilia interspersed with a few nonciliated cells 
(Fig. 3B), and regions of simple epithelium with 
no cilia (Fig. 3C). The epithelium dense with 
long cilia was found close to the auditory tube, 
in the ventral regions of the middle ear, and along 
the lateral edges of the cavity and was bordered 
with a region of mixed ciliated and nonciliated 
cells (Fig. 3D). A number of goblet cells, se- 
creting mucus, were observed restricted to the 
area entering the auditory tube (Fig. 3A). Over 
the surface of the otic capsule and lining the 
attic, the epithelium was nonciliated and simple 


Wcilia [mixed cilia [Jno cilia 


(Fig. 3D). To compare the epithelial type with 
embryonic origin, we dissected Sox] 7icreR26R 
mice in the same way as for SEM and stained 
with X-Gal to visualize the endoderm-derived 
epithelium (Fig. 3E). Blue staining was seen in 
the ventral regions and along the edges of the 
cavity but not lining the attic in the vicinity of 
the ossicles or on the medial wall covering the 
otic capsule. The distribution of ciliated and non- 
ciliated epithelium therefore appears to cor- 
respond to the embryonic origin of the cells 
lining the middle ear cavity. To confirm this, we 
costained WntIcreR26R middle ears with X-Gal 
and an antibody against acetylated a-tubulin, 
which is a marker of cilia. We saw cilia on un- 
stained epithelium of endodermal origin (Fig. 3, 
F and G) but not on X-Gal-positive epithelium of 
neural crest origin (Fig. 3, H and I, and fig.S2). 
In short, the neural crest—-derived lining of the 
middle ear shows several epithelial markers but 
not the surface cilia typical of mucosal linings. 

We have shown that the lining of the mid- 
dle ear cavity is of both endoderm and neural 
crest origin and that neural crest cells undergo a 
mesenchymal-to-epithelial transformation. In this 
case, the continuity of the endoderm must be 
breached to allow the neural crest cells to line 
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the upper part of the middle ear cavity. Such a 
breach has been suggested from histology in the 
rat (19). To find out when and where this takes 
place, we looked at the embryonic development 
of the first pharyngeal pouch, as it becomes the 
future middle ear cavity. At E15.5, the first pha- 
ryngeal pouch appears as a continuous epithe- 
lium surrounding the future middle ear cavity 
(Fig. 4A), as shown by the continuous expres- 
sion of the epithelial cell adhesion molecule 
E-cadherin (Fig. 4, B and C). By E17.5, the future 
middle ear cavity appears to be filling with mes- 
enchyme (Fig. 4D) associated with a rupture 
of the first pharyngeal pouch (Fig. 4, E and F). 
This shows that during embryonic development 
in the mouse, the endoderm of the first pharyn- 
geal pouch—after fully extending into the vicinity 
of the outer and inner ear—breaks down, allowing 
mesenchyme to fill the future middle ear cavity 
(Fig. 4G). The middle ear then remains filled with 
mesenchyme until about P6 (fig. S1A), when the 
cavitation process begins. Cavitation starts in the 
ventral region of the middle ear with a retraction 
of the middle ear mesenchyme away from the 
endoderm-derived epithelium, producing an air- 
filled cavity (fig. S1B). This retraction of mesen- 
chyme continues in this way, pulling back past the 


Fig. 3. Middle ear epithelium type is dependent on embryonic origin. (A to C) 
SEM imaging of the middle ear cavity surface epithelium, showing regions 
of densely ciliated cells and a goblet cell (green outline) (A), regions of mixed 
short-ciliated (blue outline), long-ciliated (red outline), and nonciliated cells 
(B), and regions of nonciliated epithelium (C). (D) Schematic representing 
the distribution of ciliated epithelium on the middle ear medial wall, with 
ciliated (red), mixed cilia (yellow), and simple nonciliated (white) regions. 
(E) Whole-mount X-Gal staining of P18 Sox17-2AicreR26R middle ear 


(outlined) dissected by removal of the eardrum revealing the medial wall, 
showing endoderm (blue) near the auditory tube and along the cavity 
edges, but not in the center or near the ossicles. (F to 1) Wnt1creR26R P12 
mice immunostained with acetylated o-tubulin (green), DAPI (blue) [(F) and 
(H)], and X-Gal stained (blue) [(G) and (1)], showing cilia on Wnt1creR26R- 
negative epithelium [arrows in (F) and (G)], but not on Wnt1creR26R-positive 
epithelium [(H) and (I)]. Scale bars: 10 um [(A) to ()]; 500 um (E); 50 um 
[(F) to (I)]. 
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Fig. 4. The first pharyngeal pouch endoderm breaks and mesenchyme fills 
the middle ear cavity. Embryonic mice with Trichrome staining (A and D) or 
immunostained against E-cadherin (B, C, E, and F), showing intact epi- 
thelium lining the first pharyngeal pouch at E15.5 [(A) to C)] and then broken at 
E17.5 [(D) to (F)]. (G) Schematic representing the endodermal first pha- 


ossicles with the attic clearing last, eventually 
leaving a completely air-filled cavity (fig. S1C). 
The three-ossicle mammalian middle ear is 
very different from that of other land tetrapods, 
which possess a single ossicle, the two additional 
ossicles having evolved by a transformation of 
the original jaw joint (20, 2/). We therefore wanted 
to assess whether a similar break in the endoderm 
and influx of mesenchyme into the cavity oc- 
curred in nonmammals. In the chick and gecko, 
no rupture of the endoderm during middle ear 
development was observed using histology, and 
mesenchyme did not enter the cavity, which re- 
mained air-filled (fig. S3). In contrast, in another 
mammal, the shrew, a similar filling of the mid- 
dle ear cavity to that in the mouse was observed 
during development. Further lineage analysis 
is necessary to assess whether the middle ear in 
nonmammals has a dual origin; however, it is 
interesting to note that a neural crest origin of 
the middle ear epithelium has not been reported 
after quail-chick neural crest grafts within this 
region (22, 23). In addition, unlike the hetero- 
geneous mammalian middle ear epithelium, no 
regional differences were found in the avian 
middle ear epithelium, with a fairly simple epi- 
thelium being observed in all regions (24). It is 
therefore possible that nonmammals adopt the 
endodermal model, whereas the mesenchymal 
model is specific to mammals and may have 
evolved in connection with the incorporation of 
the jaw joint into the ear, which required cavi- 
tation of a previously solid area of mesenchyme. 


50 um [(B) and (E)]. 


We have shown that the highly versatile neu- 
ral crest cells can undergo a mesenchyme-to- 
epithelium transformation, but they are unable 
to form the complex pseudostratified ciliated epi- 
thelium associated with the endodermally derived 
part of the middle ear. This implies that there 
may be constraints limiting the ability of the neu- 
ral crest to form advanced epithelial cell types. As 
the neural crest-derived epithelium is simple and 
unciliated, its function to clear away mucus and 
debris efficiently would be limited, compared to the 
endodermally derived epithelium, which provides 
a logical explanation for why middle ear infec- 
tions are more common and more severe in the 
neural crest—lined attic than in the ventral endoderm— 
lined region of the cavity (25). The origin of the 
middle ear epithelium therefore may have a direct 
consequence for health of the mammalian ear. 
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In the Global Competition For 
Smart Minds, Germany Grows 
lts Catch 


Ever since the European Council’s decision in 2000 to transform the European 
Union into “a competitive and dynamic knowledge-based economy,” Germany’s 
federal government has been pumping money into research and development 
through various mechanisms. As a result, not only are German research institutions 
forging major changes in the way that researchers teach, collaborate, and advance 
in their careers, they are also creating more jobs. These jobs run the gamut from 
junior and senior researchers to support staff. With good long-term funding 
prospects and attractive salaries, Germany has become a major contender in the 


global competition among nations to draw in top talent. By Gunjan Sinha 


n 2003, Barbara Conradt left the Max Planck Institute for Neuro- 

biology in Martinsried, Germany to take a job in the United States— 

she thought it was for good. She had accepted a tenure-track posi- 
tion at the Geisel School of Medicine (formerly Dartmouth Medical 
School), in Hanover, New Hampshire. Not only did the position offer 
better long-term job prospects and a supportive research community, 
she much preferred the openness and diversity of the American aca- 
demic environment. 

“I was excited about the U.S. system,” says Conradt, which she had 
experienced first-hand having finished both her Ph.D. and a postdoc 
in the United States. “I thought I would never move back to Germany,” 
she recalls. So it was no wonder that when a recruiter approached her 
in 2010 with a job opportunity at the Center for Integrated Protein 
Science in Munich (CIPSM), Germany, she balked. But she soon recon- 
sidered. If she were offered the job, she thought, she would merely use 
it as leverage to boost her standing at Dartmouth. 

Things turned out quite differently, however. “I realized that a lot had 
happened in Munich,” Conradt explains. The campus had grown, the 
university environment had become more diverse, and there were more 
women. “I really felt like this was a place I wanted to come back to and 
make a difference,” she says. CIPSM offered her a full professorship and 
also offered to move her entire lab over. She accepted the offer with 


open arms. 
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Humboldt University, Berlin 


CIPSM was established in 2006 
through Germany’s Excellence Initia- 
tive —a program that invites institutes 
of higher education to apply for federal 
grant money to fund growth in three ar- 
eas: graduate programs, clusters of ex- 
cellence that focus on and accelerate hot 
research topics, and institutional strate- 
gies (also called future concepts) that 
improve the institution’s quality of re- 
search and teaching. Launched in 2005, 
the Excellence Initiative was a bold plan 
to push innovation at what was seen as 
Germany’s inertial university system. 
In addition to receiving lump sum state 
funding, universities could now com- 
pete for additional federal funding by 
submitting ideas for new educational 
strategies, research initiatives, or col- 
laborations that span multiple research 
institutes. By fostering innovation, the 
goal was to create “elite universities” 
that could compete with the world’s best 
universities in drawing in top talent. 
The first and second rounds of the ini- 
tiative doled out €1.9 billion to universi- 
ties between 2007 and 2012. The third 
and final round will award €2.7 billion 
to universities through 2017—a total of 
€4.6 billion to a total of 39 universities 
across 13 states. 

The 
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By fostering 
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“elite universities” 
that could compete 
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best universities in 
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ences. Since the European To the west, the state of 
Council’s decision in 2000 to 7 
transform the European Union Baden-Wurttemberg has 


into “a competitive and dynamic been the most successful 


mcrae bare conc ay state in the Excellence 


2010, Germany has increased 


spending on research and de- Initiative competition. The 


velopment dramatically—the  state’s universities garnered 
results of which are already tan- 
gible. Between 2005 and 2010, 


the number of jobs in research 


a total of €545 million— 


the most of any state. 
and development grew by 15%. 


Not only has industry contributed to this growth by increasing research 
and development expenditure by 21% during the same period, the fed- 
eral government upped research and development investment from €9 
billion in 2005 to approximately €13.8 billion in 2012—an increase 
of 53%, according to the Federal Ministry of Education and Research 
(Bundesministerium fiir Bildung und Forschung, or BMBF). 

The result has been that regions around the country that have 
traditionally been hubs of research and development are expanding and 


innovating and in the process creating new job opportunities. 


The South: Bavaria 

Not only can the state of Bavaria lay claim to hosting two elite uni- 
versities, the Technische Universitat Miinchen (TUM) and the Ludwig- 
Maximilians-Universitat Miinchen (LMU), it can also boast winning the 
second highest share of award money through both Excellence Initiative 
rounds for a total of €370 million. 

At the CIPSM—an excellence cluster set up by the TUM, the LMU, 
and the Max Planck Institutes of Neurobiology and Biochemistry—the 
focus is on protein science. The CIPSM includes three locations on the 
outskirts of the city of Munich—GroBhadern/Martinsried, Garching, 
and Weihenstephan—and university physics and medicine departments 
in downtown Munich. The center enables scientists from LMU and 


TUM, as well as scientists from the neighboring Max Planck Institutes 


and the Helmholtz institutes, to come together and work on common 
research goals. Since 2007, CIPSM has received about €45 million from 


the Excellence Initiative and funding of the cluster has been renewed for 


2012 through 2017, with a budget of approximately €7 million per year. 

“T have not regretted [leaving Dartmouth] at all,” says Conradt, who 
studies cell apoptosis and mitochondrial dynamics in Caenorhabditis ele- 
gans. Conradt moved to CISPM at a time when NIH funding had “really 
dropped,” she says. Meanwhile in Germany, the federal and state gov- 
ernments continue to prioritize funding of research and development 
over the long-term, which is vital for scientific progress, she adds. Just 
as appealing, the academic environment in and around Munich contin- 
ues to change in ways that promote diversity. For example, like most 
excellence clusters, CISPM’s official language is English. Teaching of the 
sciences at the Master’s level at CISPM’s host universities is also now 
conducted in English, which has really helped draw people from all over 
the world, she says. 


Baden-Wurttemberg 

To the west, the state of Baden-Wiirttemberg has been the most suc- 
cessful state in the Excellence Initiative competition. The state’s univer- 
sities garnered a total of €545 million—the most of any state. 

In 2008, Virginie Lecaudey became the first junior professor at the 
Centre for Biological Signalling Studies (BIOSS)—a cluster of excel- 
lence at the University of Freiburg. At BIOSS the focus is on combining 
analytical methods with synthetic biology approaches to characterize 
complex signaling pathways—a field of study that is unique in Germa- 
ny. In landing the job, Lecaudey feels “quite lucky,” she says, because it 
is a tenure-track position. Once nonexistent in Germany, tenured-track 
positions are now being created by universities as part of the wave of 
on-going changes brought on by the Excellence Initiative. 

Traditionally, universities have offered tenured professor positions 
only to academics outside of their institution; so junior researchers 
have had no path towards advancing their careers within the same in- 
stitution. That’s because to become a tenured professor an academic 
must also earn Habilitation—a second more rigorous dissertation that 
qualifies academics to supervise dissertations and teach junior schol- 
ars. (While Habilitation is no longer required, it is still considered im- 
portant.) At the same time, the university rule of Hausberufungsverbot 
prohibits academics from becoming professors at the same university 
at which they have earned Habilitation. This restriction combined with 


the fact that job openings are rare because turnover can continued> 
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150 Years 
Science For A Better Life 


Marion Hitchock wants to make the world a better place - for everyone. As a scientist at Bayer, 
Marion knows she is doing just that. Searching for solutions and never giving up. That is the passion 
that unites all of us at Bayer. We call it the Bayer Spirit. If you feel it, too, then it is high time we had 
a chance to talk about a career at Bayer. 


Postdoctoral Scientists 


Bayer HealthCare is a leading pharmaceutical company. Its pharmaceutical business, Bayer Pharma AG, is 
headquartered in Berlin, Germany, where more than 500 scientists discover new medicines with the goal to 
uffering from various types of cancers and benign gynecological diseases. To 


improve the life of patients s 
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Once nonexistent in Germany, tenured-track 
positions are now being created by universities as 
part of the wave of on-going changes brought on 
by the Excellence Initiative. 


be slow, have made it difficult for junior researchers to advance. There- 
fore, the creation of tenure-track positions reflect a major change in 
the system. 

Last year, the TUM established the Faculty Tenure-Track System, 
for example, that aims to create the first 100 tenure-track profes- 
sorships between now and the year 2020. The plan is to recruit 
young researchers who have international experience and have dem- 
onstrated recognition in their fields, such as by publishing in high- 
impact journals or winning early-career prizes. Researchers can 
be hired as assistant professors on a six-year contract that lead to a 
tenure evaluation. 

While the Excellence Initiative has helped forge change at universities, 
the government’s commitment to research and development in 
Germany isn’t stopping there. Just north of Freiburg, in the city 
of Heidelberg, the German Cancer Research Center (Deutsches 
Krebsforschungszentrum or DKFZ) has been awarded government 
money to create additional comprehensive cancer care centers 
across Germany, says Otmar Wiestler, chairman and scientific 
director of the DKFZ. Last year, the DKFZ announced the launch of 
the German Consortium for Translational Cancer Research. DKFZ 
will partner with seven university hospitals to create translational 
centers at each university site. The consortium is a joint initiative of 
the Federal Ministry of Education and Research, German Cancer Aid 
(Deutsche Krebshilfe), and the DKFZ. The BMBF and the participating 
states provided approximately €12 million for the consortium last 
year. The annual budget will be gradually raised to reach about 
€28 million by 2014. German Cancer Aid will provide additional 
funding upon request for defined research projects and after an 
evaluation. 

To get the project running, DKFZ will be recruiting 21 physician sci- 
entists for full professorship positions. This is no easy task, Wiestler says. 
“People with medical training have lots of job options,” he says. “These 
people are precious. It is very important to provide attractive packages.” 
To that end, DKFZ offers competitive salaries and long-term funding, 
Wiestler adds. 


O 


The North: Berlin 

While Baden-Wiirttemberg is certainly the leader in terms of cash 
flowing into research, Berlin can now boast claim to being the only oth- 
er German city, next to Munich, to host two “elite universities.” Early 
in 2012, Humboldt University became the second university in Berlin 
(after Freie University) to claim the “elite university” title. In addition 
to winning funding for three of its graduate schools and a strategy to 
strengthen its overall standing, Humboldt University’s NeuroCure 
Cluster of Excellence won follow-on funding, 

NeuroCure’s aim is to boost the prominence of neuroscience re- 
search in Berlin by forging collaboration among university scientists 
and researchers from the Max Delbriick Center for Molecular Medi- 
cine (MDC) in Berlin Buch, the Deutsche Rheuma-Forschungszentrum 
(German Rheumatic Disease Research Center), and the Leibniz-Insti- 
tute for Molecular Pharmacology. The interdisciplinary research proj- 
ects focus on the functions of the nervous system. 

“What is special about NeuroCure isn’t the direction of the research 
but rather what we are doing with the money,” says Christian 
Rosenmund, coordinator of the cluster. Universities in Germany’s 
poorer states, such as Berlin, have been suffering from budget cuts 
for years (universities receive the bulk of their funding from state 
governments), he explains. Many professorships in Berlin have simply 
been left vacant. Under the previous coordinator, Dietmar Schmitz, 
NeuroCure spent a majority of the €5.4 million annual Excellence 
Initiative funding to establish new professorships and provide them with 
appropriate equipment, says Rosenmund. Since 2006, NeuroCure has 
recruited 20 new researchers. “This is unheard of,” says Rosenmund, 
“you're lucky if you get three or four into a single department.” 

With the additional funds, universities are also able to offer attrac- 
tive financial packages, an important factor when recruiting scientists 
from the U.S. where salaries are typically higher. Schmitz recruited 
Rosenmund in 2009 from the Baylor College of Medicine in Houston, 
Texas, U.S. In taking the job, Rosenmund accepted a salary cut. But 
after seeing his budget remain flat for five years in the U.S. and having 
to face the constant threat of cuts, the opportunity to build something 


new from the ground up and better long-term funding continued> 
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Alexander von Humboldt 
Stiftung / Foundation 


Shine your light in Germany 


Profit from excellent conditions for research 


The Alexander von Humboldt Professorships are Germany's way of creating a beacon effect and energising its 
research landscape. Every year, the Alexander von Humboldt Foundation is offering ten of the world’s leading 
researchers up to five million EUR each to create new or consolidate existing internationally visible research 


focus areas at German universities. 


Academics of all disciplines are eligible for an Alexander von 
Humboldt Professorship, provided that they are established 
abroad and recognised internationally as top-class research- 
ers. They will be nominated by German universities - where 
appropriate in cooperation with non-university research 
institutions. Each Alexander von Humboldt Professorship 
will be sponsored for a period of five years on the premise 
that the university presents a convincing strategy to sustain 
the position once the funding period has come to an end. 


Exzellenz verbindet - 
be part of a worldwide network. 


This will allow new, long-term research groups to be estab- 
lished, conducting cutting-edge international research. The 
German Ministry of Education and Research is supporting this 
programme. 

The Humboldt Foundation actively promotes equal opportuni- 
ties and therefore particularly welcomes nominations on be- 
half of leading female academics. 

More information: www.humboldt-foundation.de/ahp-en. 
Closing dates for applications: 15 April and 15 October. 


Alexander von Humboldt Foundation 
Jean-Paul-Str. 12 

53173 Bonn 

Germany 


info@avh.de 
www.humboldt-foundation.de 
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prospects in Germany were enough compensation, he says. 

Further north in the Berlin suburb of Buch, an even larger influx of 
new talent will soon be moving in. In November of last year, the federal 
and state government of Berlin announced support for a cooperative 
venture between MDC and the Charité University Hospital to establish 
the Berlin Institute of Health (BIH). The aim is to quickly translate 
basic research into clinical applications. The MDC is one of 18 research 
institutions of the Helmholtz Association, all of which are funded 90% 
by the federal government and 10% by the states. 

A major emphasis at the MDC is on systems medicine whereby re- 
searchers focus on characterizing molecules and biochemical pathways 
that are similar among different diseases. For example, certain proteins, 
such as NF-kappab, are highly active at sites of inflammation. Since in- 
flammation is involved in many diseases, these proteins can serve as a 
common therapeutic target. The BIH will function as a place for phy- 
sicians and researchers to come together to study and correlate the 
clinical aspects of diseases with the molecular aspects and vice a versa, 
says Walter Rosenthal, scientific director of the MDC. Beginning in 
2013, the federal and state government will provide €300 million to the 
BIH over the next five years. An additional €40 million over a period 
of 10 years will also be donated by a private foundation. The BIH will 
ultimately occupy its own physical space and is expected to be fully 
operational by 2018 with an annual budget of €80 million. New hires 
will have joint appointments at either the Charite or MDC and the BIH. 

“Germany is very research friendly right now,” Rosenthal says. “We 


can offer very attractive packages.” 


Funding Isn't Everything 

But while the money is certainly flowing, some scientists continue to 
be frustrated by obstacles that money alone can’t overcome. Language, 
for example, can still be a barrier. While many institutions hold Eng- 
lish as the official language, life outside of the academic environment 
can be challenging without basic German skills, says Lecaudey, a native 
of France. And while institutions have made huge strides in recruiting 
female scientists and in supporting families, the culture at large hasn’t 
kept pace. It can be difficult to place children under three years of 


age in daycare in West Germany, for example, in part because it has 


Berlin 
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been culturally frowned upon for moth- O 
ers to leave care of such young children “Germany is very 


to someone else. Schools have also tradi- : 

; : research friendly 
tionally only been open until early after- 
noon. However, these aspects are slowly right now,” Rosenthal 
changing. There are major government says. “We can offer 


efforts towards keeping schools open for . 
full days and towards building more day- very amractive 
care centers with guaranteed availability, packages.” 

regardless of a child’s age. 

More pressing is the question of whether the funding flood will last, 
particularly for those supported by the Excellence Initiative, which 
ends in 2017. State governments and universities are expected to pick 
up the tab, but in poorer states, such as Berlin, junior researchers may 
lose their jobs and support staff and core facilities may wither. For his 
part, Rosenmund encourages all researchers at NeuroCure to seek out 
as much third-party funding as possible; this sentiment was echoed by 
Conradt and Lecaudey. 

There is one change that might help, however. Last year, Germany’s 
constitutional law was amended to allow the federal government to 
help finance universities, not only on a project basis, but also over the 
long-term. 

In the meantime, one thing is clear: the work environment for scien- 
tists in Germany has changed and is still changing. The last 10 years has 
seen a switching of the guard, says Conradt, as younger scientists with 
international experience come to occupy positions of power. They are 
bringing back ideas and making the system more open and diverse, she 
says. Indeed, between 2005 and 2009 alone the number of non-German 
scientists working in Germany increased by one-third, according to the 
BMBF. The increase in government spending on research and develop- 
ment which, at 2.88% of GDP, is the highest percentage of any EU 
member state, combined with the political push from the very top to 
move science forward promise to continue to make Germany an entic- 


ing place for scientists to work and live. 


Gunjan Sinha is a freelance writer living in Berlin, Germany. 
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Technical University of Denmark DIU 


SCIENCE AND TECHNOLOGY AT A GLOBAL SCALE 
- SET THE STANDARDS FOR THE FUTURE 


See our PhD-programmes at dtu.dk/phd 


FOCUS ON GERMANY 


max-planck-institut fur 
neurobiologie 


MAR-PLANCE -GESELLSCHATT 


The Max Planck Institute of Neurobiology in Martinsried, Germany, 
invites applications for 


Two Max Planck Research Group Positions 
in the field of 
Assembly and Function of Neural Circuits 


We are looking for outstanding scientists with an original and 
exciting research program addressing fundamental questions in 
neuroscience, including how genetic programs prescribe the for- 
mation of neuronal circuits, how these circuits control and execute 
behavior, and to what extent developmental aberrations cause 
nervous system disorders later in life. We are envisioning a focus 
on well-established or novel vertebrate model systems, including 
but not limited to zebrafish and mouse. We expect the successful 
candidates to contribute actively to the institute’s multi-disciplinary 
research on the basic function, structure and development of the 
nervous system (www.neuro.mpg.de). 


The position holders will lead an independent research group, with ge- 
nerous funds for positions, start-up investments, and annual running 
costs. The position is considered equivalent to a W2 Professorship 
and will initially be for 5 years with the possibility of twice a 2-year ex- 
tension. The group will have access to the institutional infrastructure 
including animal and transgenic facilities, microscopy, imaging and 
histology services. PhD students may be enrolled through the inter- 
national PhD program IMPRS-LS (www.imprs-ls.de) or the Graduate 
School in Systemic Neuroscience (www.gsn.uni-muenchen.de). 


The MPI of Neurobiology is an international research institute with 
English as the working language. A childcare facility is located on 
campus. Women are especially encouraged to apply. Disabled appli- 
cants with equal qualifications will be given preferential treatment. 


Applications (refer to our website for details) and inquiries should be 
sent until April 7th to Tobias Bonhoeffer, Managing Director, MPI of 
Neurobiology through Kristin Reuter (reuter@neuro.mpg.de). 


Ostrow School 
of Dentistry of USC 


ASSISTANT PROFESSOR (TENURE-TRACK) OR 
ASSOCIATE PROFESSOR 


The Ostrow School of Dentistry of USC seeks outstanding candidates 
for a tenure-track position at the rank of assistant or associate professor 
in the Division of Biomedical Sciences to conduct cutting-edge research 
in the areas of cell and developmental biology, tissue regeneration, cell- 
signaling and/or gene regulation. The successful candidate will establish a 
research program with relevance to craniofacial and skeletal biology at the 
USC Center for Craniofacial Molecular Biology. Examples of appropriate 
research interests include molecular mechanisms of organogenesis, stem cell 
biology, and genetics of craniofacial malformations, and orofacial disease- 
related research. 


Candidates must have a PhD in developmental biology, stem cell biology, or 
molecular biology, and should have a DDS/DMD or equivalent dental degree. 
Exceptional candidates without dental degree will be considered. Candidates 
with translational research interest are strongly encouraged to apply. The 
successful candidate is expected to develop independent extramurally funded 
research programs, which complement our interests as described at http: 
//www.usc.edu/hsc/dental/cemb and http://pibbs.usc.edu 


Interested applicants should submit a cover letter, complete curriculum vitae, 
statement of current and future research plans, selected recent publications, 
and arrange to have three letters of reference sent to: Dr. Yang Chai, Search 
Committee Chair, USC Center for Craniofacial Molecular Biology, 
Ostrow School of Dentistry of USC, c/o Ms. Patricia Thompson, 2250 
Alcazar Street, CSA 103, Los Angeles, CA 90033; pathomps@usc.edu. 
Consideration of applicants will begin immediately and will continue until 
the position is filled. 


USC values diversity and is committed to Equal Opportunity in 
Employment. Women and men, and members of all racial and ethnic groups 
are encouraged to apply. 
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~~ Rat der Conseil des Consiglio Cussegl da las Board of the 
¢ | Eidgendssischen écoles dei scolas Swiss Federal 
Technischen polytechniques _politecnici —_ politecnicas Institutes of 
\ 2 Hochschulen fédérales federali federalas Technology 
~ ETH-Rat CEPF CPF CSPF ETH Board 


The Swiss Federal Institute of Technology Zurich (ETH Zurich) stands for excellent teaching, pioneering 
basic research and the application of the results for the benefit of society. Together with EPFL and the four 
federal research institutes PSI, WSL, Empa and Eawag, ETH Zurich is part of the ETH Domain, whose stra- 
tegic management and supervisory body is the ETH Board. The ETH Board is advertising the position of 


President of the Swiss Federal Institute 
of Technology Zurich (ETH Zurich) 


since the current holder will be retiring and the ETH Board will have to propose a successor to the Swiss 
government, the Federal Council. 


ETH Zurich was established in 1855 and is one of the internationally leading universities in the field of 
technical and natural sciences, and as such provides researchers with an inspiring environment and their 
students with a thorough education. Currently, more than 20,000 people are studying, working and carry- 
ing out research at ETH Zurich. Outstanding research conditions, a state-of-the-art infrastructure and 
an attractive environment provide an ideal setting for creative personalities. 


Requirements 

Your record in exact, natural or engineering sciences has been internationally recognised. You are able 
to identify and foster outstanding potentials and visionary ideas, specify strategic guidelines and raise 
issues in current scientific, technological and societal areas. As an experienced executive in a big organi- 
sation, preferably in the field of science or in trade and industry, you have provided evidence of your 
integrative leadership skills. You have good networks inside and outside the scientific community, and 
you are prepared to develop ETH Zurich’s future and to lend an active hand in shaping the entire ETH 
Domain with great dedication. 


Your personality is characterised by a high degree of social competence, assertiveness and the ability to 
deal with conflict, also in a participative management culture like that of ETH Zurich. You possess a high 
degree of communication competence, which you would use both inside and outside the university, and 
you understand Switzerland’s political structures, legislative processes and cultural diversity. Finally, you 
have a good command of German and English, and preferably a knowledge of French. You are willing to 
hold office for at least two terms (i.e. eight years). Ideally the starting date would be at the beginning of 
2015. 


Applications 

Please send your complete application to the President of the ETH Board, Dr. iur. Fritz Schiesser, 
ETH-Rat, Haldeliweg 15, 8092 Zurich, Switzerland. He will also be available for further information 
(phone +41 44 632 20 01, schiesser@ethrat.ch). All applications received by 15 April 2013 will be 
considered for the selection process. Your application will be treated with strict confidentiality. 
Applications from women are particularly welcome. 


Diabetes as UMassMemorial | A esis 


Massachusetts 
CENTER OF EXCELLENCE Health Care SeT eee 


UMASS. Medical School 
DIABETES CLINICAL/TRANSLATIONAL INVESTIGATOR 


The Diabetes Center of Excellence at the University of Massachusetts Medical School invites applications 
for a SENIOR TENURED or JUNIOR TENURE-TRACK clinical or translational investigator faculty 
position. The Diabetes Center of Excellence currently consists of basic and physician scientists repre- 
senting a broad range of disciplines in the biomedical and clinical sciences, with members from several 
Medical School Departments and Programs working together as central New England’s leading center 
for diabetes clinical care, innovation, and discovery. The Center occupies state-of-the-art clinical and 
research space on an expanding Medical School campus. Clinical and community investigators benefit 
from infrastructure for recruitment and retention of research participants, resources for measurement, 
behavioral and nutritional interventions, top-notch facilities, academic-community research partner- 
ships, and by basic research support from core facilities for deep sequencing, proteomics, genotyping, 
fluorescence-activated cell sorting, digital imaging/confocal microscopy, genomics/bioinformatics, 
transgenic/knockout mice, and mouse metabolic phenotyping. Adult and pediatric clinical efforts of 
the Diabetes Center are housed in a new Ambulatory Clinical Care building designed so that patients can 
receive appropriate retinal photos, foot care, diabetes education, and other routine medical care at one 
location. The position will be highly competitive with regard to start-up funds, and salary. The Center 
seeks an individual of outstanding clinical and/or translational research potential relating to diabetes 
pathophysiology or treatment. 


Applicants should send curriculum vitae, statement of research interests, and names and addresses of 
three references to: 


David M. Harlan, M.D. 
Co-Director, Diabetes Center of Excellence 
Search Committee Chair 
c/o Patricia Cannon 
55 Lake Avenue North 
Albert Sherman Center, Room AS7.2049 
Worcester, MA 01655 
Patricia.cannon@umassmed.edu 
508.856.3800 


As an Equal Opportunity and Affirmative Action Employer, UMMS recognizes the power of a diverse 
community and encourages applications from individuals with varied experiences, 
perspectives, and backgrounds. 


WOMEN 


IN SCIENCE 


forging 
new pathways in 


green 
science 


Read inspiring stories 
of women working in 
“Green Science” 
who are blending 
a unique combination of 
enthusiasm for science 
and concern for others 
to make the world 
a better place. 


Download this 
free booklet 
ScienceCareers.org/ 
LOrealWiS 


Science 


This booklet is brought to you by the 
AAAS/Science Business Office 
in partnership with the 
L’Oreal Foundation 


History shows that great breakthroughs often come from 
unexpected places. The only constant is talent. Pathway 

to Stop Diabetes provides five- to seven-year grants of 
$1.625 million to enlist a new generation of brilliant 
scientists, regardless of their current field of study, and 
provides freedom, autonomy, professional mentoring and 
opportunities for collaboration to drive new breakthroughs. 
It’s a radical new road for diabetes research. And one that 
can accelerate your career. 


ib APPLICATIONS BY 
NOMINATION ONLY. 
DEADLINE: 


AUGUST 16, 2013. 
FIND OUT MORE AT 
DIABETES.ORG/ 
PATHWAY 


© Institut Pasteur 


With the great success of the first Sanofi — Institut Pasteur Awards in 2012, Sanofi and 


0 .) ) the Institut Pasteur are pleased to announce the continuation of these Awards in 2013. 
% ) 

— These Awards will honor and support four scientists, whose outstanding 
SANOFI - INSTITUT PASTEUR research shows real progress in the life sciences that contributes to global 


2013 AWARDS public health specifically in the five following fields: 


Tropical and neglected diseases 
Innovative approaches to disease prevention, including vaccines 
New approaches to drug resistance 


Therapeutic approaches to diseases and senescence: 
neurobiology and regenerative medicine 


Immunology, immunomodulation, immunogenetics, translational 
technologies 


INSPIRED BY PASTEUR 


Nomination of mid-career’ as well as senior scientists AWARDS AND PROCEDURE: 

from all over the world are encouraged. The four winners will each receive an award of 100 000 euros. 
A distinguished international Jury will More information and the nomination form are available 

choose the Awardees: on the website: www.sanofi-institutpasteur-awards.com 


Prof. Peter C. Agre, Prof. Elizabeth H. Blackburn, Prof. Alice Dautry, 


Prof. Jorg Hacker, Prof. Ivan |. Dedov, Prof. Philippe Monteyne, DEADLINE TO SUBMIT NOMINATIONS: 


Prof. Philippe Sansonetti, Dr Elias Zerhouni. Friday, 3 May, 2013. 
Scientific Coordinator of Awards: Prof. Paul Lazarow(2013awards(@pasteur.fr) AWARDS CEREMONY: 
*The Awards are for scientists who have published outstanding research as principal investigators. Tuesday, 5th November, 2013 in Paris. 
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ASSISTANT PROFESSOR/ASSOCIATE PROFESSOR/ 
PROFESSOR 
Department of Basic Science and Craniofacial Biology 
NYU Cottece oF DENTISTRY 


The New York University College of Dentistry (NYUCD) is one of the largest academic dental 
institutions in the United States. NYUCD is a vital and growing research institution committed to 
education of the next generation of clinicians and scientists. Dr. Nicola C. Partridge was recruited 
as the Chair of Basic Science & Craniofacial Biology in 2009, and she has been actively recruiting 
faculty since. The Department of Basic Science and Craniofacial Biology is seeking three faculty 
candidates with expertise in Anatomy, Physiology, or Pharmacology. Appointment will be tenure 
track or non-tenure track at the Assistant/Associate Professor/Professor rank. NYU has excellent 
possibilities for collaboration with engineering and physical scientists at Polytechnic Institute of 
New York University and the new NYU Bioengineering Institute. 


Candidates are required to have a doctoral degree and be prepared to undertake an independent 
research program. Prior teaching experience is strongly preferred. In addition, a documented 
history of academic accomplishments in the area of teaching, research and scholarly activity is 
desirable. Responsibilities include: teaching and engaging in basic and/or healthcare related 
research, which should complement established research programs in the college including 
Craniofacial and Bone Biology, Cancer, Tissue Engineering, and/or Infectious Diseases; team 
teach courses in the basic sciences to students from a range of healthcare related disciplines; and 
institutional commitment to the University, College, and Department. 


NYU offers an excellent benefits package. Salary and academic rank will be commensurate with 
credentials and experience. An excellent start-up package and salary support will be available 
as well as renovated laboratory space. Applicant should send curriculum vitae, statement of 
proposed research and the names and addresses of three references to: Dr. Nicola C. Partridge, 
Chair, Department of Basic Science & Craniofacial Biology, New York University College of 
Dentistry, 345 East 24th Street, Room 902A, New York, NY 10010. 


” NEW YORK UNIVERSITY 


NYU is an Equal Opportunity/Affirmative Action Employer. 


ANNOUNCEMENTS 


2013 SUMMER INSTITUTES & CONFERENCES 
at the University of Washington 
Seattle, Washington, USA 


18th Summer Institute in Statistical Genetics 
8-26 July 2013, http://sisg.biostat.washington.edu 


5th Summer Institute in Statistics and Modeling 
in Infectious Diseases 


8-24 July 2013, http://depts.washington.edu/sismid/ 


2nd Summer Institute in Biostatistics 
12-16 August 2013, http://sib.biostat.washington.edu 


SQG Conference: “Impact of Large-Scale Genomic 
Data on Statistical and Quantitative Genetics” 
24-26 November 2013, http://www.sqg13.org 


W » UW Biostatistics 
biostat-washington.edu 


UNIVERSITY of WASHINGTON biostat@u.washington.edu 
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The University of Edinburgh 


The University of Edinburgh is an exciting, vibrant, research led academic community offering opportunities to work with 
leading international academics whose visions are shaping tomorrow’s world. 


College of Humanities and Social Science 
College of Medicine and Veterinary Medicine 


College of Science and Engineering 


Chancellor’s Fellowships 
£37,382 - £44,607 


The University of Edinburgh, a global top 20 University located in Appointment will normally be made on the Grade 8 Academic scale 
one of the world” s finest cities, is making a further major investment (£37,382-£44,607), dependent on experience. In exceptional 
in the future of its academic staff with the appointment of a second circumstances a more senior appointment may be made. Positions 
cohort of prestigious tenure-track Fellowships across all disciplines. are available with immediate effect and it is expected that 


These 5-year Fellowships are intended to support outstanding : . : 
candidates at the start of their independent academic careers. suece SST appiICan te WIDE Ih! POSt Py Se pIeMmpen2 OES: 


Up to 100 positions are available. General advice may be obtained by emailing 
A Chancellor's Fellow will already show the ability to conduct Chancellorsfellows@ed.ac.uk or from the appropriate Head of 
world-leading research and exhibit clear potential to become an School or Centre, details of which are available on our website. 


international leader in their discipline. The Fellow will be able eee ae : 
to concentrate on research in the first instance, progressively Applications containing a detailed CV and a 1-page outline of 


acquiring the full duties of University Lecturer across the period @ Proposed research programme should be made online at 
of the Fellowship. Subject to satisfactory review at the end of www.ed.ac.uk/jobs by searching for Chancellors Fellowships. 


3 years, the Fellow will move to an open contract on the University 
academic staff. Closing date: 18 April 2013 (5pm). 


Committed to Equality and Diversity 
The University of Edinburgh is a charitable body, registered in Scotland, with registration number SCO05336. 


www.ed.ac.uk/jobs 


Nebiaska 


Lincoln Assistant or Associate Professor 


Plant Virologist 


The Institute of Agriculture and Natural Resources (IANR) at the University of Nebraska-Lincoln (UNL) is committed to world-class excellence in 
applications of agricultural and life sciences towards a sustained high quality of life for the citizens of Nebraska and a quickly growing global population. 
Reflecting this commitment, IANR has announced an immediate initiative to hire more than 30 new tenure-track faculty members to fill strategic needs 
in impact areas of Science Literacy, Stress Biology of Plants and Animals, Healthy Humans, Healthy Agro/Eco Systems, and Computational Sciences. To 
view a listing of all of these positions, and for details as positions are released, please see http://ianrhome.unl.edu/web/ianr/growingianr. 


Within this growth initiative, IANR is seeking applicants for an academic year tenure-leading plant virology position (90% research/10% teaching) to 
develop a nationally and internationally recognized research program in the broad area of emerging viral diseases with a focus on economically important 
agricultural and bioenergy crops. The incumbent is expected to apply novel approaches to virus discovery as well as understand the impact of global 
climate change on the epidemiology of emerging plant diseases. The incumbent will also function as the State Virologist with responsibility for managing 
virus diseases of economically important crops. Expectations include the development of a strong extramurally funded research program, publication of 
research results in refereed scientific journals and presentations at professional meetings. Collaboration with other virology programs in the Nebraska 
Center for Virology and in stress biology is expected. The incumbent will be expected to teach courses in virology, plant pathology or microbiology and 
advise undergraduate and graduate students as well as serve on graduate committees and contribute to curriculum development in the Plant Sciences. 
The tenure-home for the position will be the Department of Plant Pathology with an appointment in the Nebraska Center for Virology. The person will 
be housed in a laboratory in the Morrison building, which is home to the Nebraska Center for Virology. 


A Ph.D. in plant biology, biochemistry, plant pathology or a closely related field is required. For the Assistant Professor level, preference will be given 
to candidates with at least two years of experience. For the Associate Professor level, an externally supported, nationally recognized research program in 
the broad area of plant virology is required. The successful candidate will have a strong commitment to education and research, excellent communication 
skills, and the desire and ability to work cooperatively on multi-disciplinary projects. 


To view the complete position details and make application for this position, go to the UNL Employment web site: http://employment.unl.edu. Search for 
requisition number F_ 130088. Click on “Apply to this Job”. Complete the application and attach a letter of interest, curriculum vitae, contact information 
for three professional references, a 2-3 page description of research interests, and a brief statement of teaching philosophy. Review of applications will 
begin on May 1, 2013 and continue until the position is filled or the search is closed. 


The University of Nebraska has an active National Science Foundation ADVANCE gender equity program, and is committed to a pluralistic campus 
community through Affirmative Action, Equal Opportunity, work-life balance, and dual careers. 
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Science Careers 


Science Careers is the forum 
that answers questions. 


Science Careers is dedicated to opening new doors and 
answering questions on career topics that matter to you. 
With timely feedback and a community atmosphere, our 
careers forum allows you to connect with colleagues and 
experts to get the advice and guidance you seek as you 
pursue your career goals. 


Science Careers Forum: 
» Relevant Career Topics 
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Your Future Awaits. 


Visit the forum and join 
the conversation today! 
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The University of Pennsylvania, 

School of Dental Medicine invites 

end Medicine applications for tenured Professor 

= Chair of the Department of Anatomy and Cell Biology. Candidates 

are sought who have a strong record in research and extramural funding, 

particularly in the areas of cellular and stem cell biology related to tissue 

development, regeneration and repair. Commitment to teaching and service 
is an important consideration. 


The Department Chair will have the opportunity to build new and existing 
research areas. The School of Dental Medicine is situated on a walkable 
campus that includes the Schools of Medicine, Veterinary Medicine, 
Nursing, Engineering, and the Children’s Hospital of Philadelphia, and has 
a vibrant and interdisciplinary research program. The School is committed 
to education of dental health professionals in order to prepare graduates to 
become leaders in the delivery of dental care and in oral health research. 
The Department is responsible for teaching physiology, anatomy and 
histology to Ist year dental students and for the ongoing development of 
these courses to meet the educational needs of new generations of oral 
health professionals. Responsibilities of the Chair include: recruitment and 
retention of faculty, provision of leadership in the areas of faculty research, 
teaching and service and oversight of departmental activities such as budget 
development and administration. 

Individuals with a PhD or dual degree including DMD/DDS, MD, DVM 
or equivalent are invited to submit a statement of research and teaching 
interests, curriculum vitae and a vision statement related to Departmental 
leadership. Review of applications will begin immediately and continue 
until the position is filled. 

Applicants should apply online at: 
http://facultysearches.provost.upenn.edu/applicants/ 
Central? quickFind=51163 
For further information regarding the above position, contact the Chair of the 
Search Committee: Robert Ricciardi, PhD, Chair, Dept. of Microbiology, 
University of Pennsylvania, School of Dental Medicine, 240 S. 40th St, 

Philadelphia, PA 19104 or ACBchair@dental.upenn.edu. 
The University of Pennsylvania is an Equal Opportunity Affirmative Action 
Employer; women and minority candidates are strongly encouraged 
to apply. 


= 
| | UNIVERSITY ef MARYLAND 
SUL SCHOOL OF MEDICINE 


Neurobiology Faculty Position 


The Department of Anatomy and Neurobiology (http://neurobiology 
-umaryland.edu) is recruiting for tenured/tenure-track faculty positions 
in Neuroscience. We are particularly interested in candidates whose 
research will complement existing strengths in the Department, 
including: chemical senses, peptidergic circuits, sensorimotor systems, 
neurodegeneration and neural circuits subserving motivated behaviors 
and cortical functions. Candidates should have a strong record of 
scholarly activity and an independent funded research program that 
can catalyze multi-PI initiatives within the department. 


We offer an outstanding intellectual and collaborative environment with 
highly competitive salary and recruitment packages. All department 
faculty are members of the Graduate Program in Life Sciences and 
the interdisciplinary Program in Neuroscience (http://neuroscience. 
umaryland.edu). 


Candidates should submit the following as one single PDF file to 
facsearch@umaryland.edu: detailed curriculum vitae, a brief statement 
of research interests and goals, and names/contact information for 
three references. For best consideration candidates should submit their 
application by June 1, 2013 and should be addressed to the attention of: 
Dr. Joseph Cheer, Chair of Faculty Search Committee. 


University of Maryland is an Equal Opportunity, Affirmative Action 
Employer. Minorities, women, veterans, and individuals with 
disabilities are encouraged to apply. 


ROCHESTER 


MEDICAL CENTER 


FOUNDING SCIENTIFIC DIRECTOR 
THE ERNEST J. DEL MONTE 


NEUROMEDICINE INSTITUTE 
Rochester, NY 


The University of Rochester Medical Center (URMC) invites 
applications and nominations for the Founding Scientific Director 
of the Ernest J. Del Monte Neuromedicine Institute. The vision for 
the institute is that it will be an umbrella for neuromedicine at 
URMC and the university. The Scientific Director of the Del Monte 
Institute will provide the broad scientific and administrative 
leadership for the Neuromedicine Research programs and will 
report to the Dean of the Medical School. S/he will have the 
unique opportunity to define and shape a coherent identity and 
vision for neuromedicine research at URMC, lead in a 
collaborative effort to set priorities, and forge partnerships 
throughout the university. The institute will conduct cutting-edge 
basic and translational research primarily related to degenerative 
and developmental, disorders, sensory, motor, and cognitive 
function/dysfunction, and injuries to the nervous system including 
stroke, trauma, and inflammation. 


URMC is uniquely positioned to make a major impact on 
neuromedicine, in multiple areas of basic neuroscience research 
and in connecting scientific discoveries to the clinic thus enabling 
URMC to serve as a hub of outstanding research and patient 
care. Currently URMC research into the nervous system and its 
disorders accounts for approximately $30 million direct ($40 
million total) grant funding annually. The concept of an institute 
that coordinates and enhances the already excellent laboratories 
and departments is widely embraced by the URMC leadership, 
which is committed to its long-term focus of support for 
neuromedicine and has dedicated new research space for the 
Institute in excess of 25,000 square feet. 


The founding director will seek to strengthen connections 
between the Medical Center, the College of Arts and Sciences 
and the Hajim School of Engineering, located in close proximity to 
URMC. In all activities the director is charged with fostering an 
inclusive environment that accelerates and deepens the 
collaborations to create a Neuromedicine enterprise whose whole 
is greater than the sum of its parts. 


Candidates for this position must hold a Ph.D. in neuroscience or 
a related field and/or an M.D. and must qualify for the rank of full 
professor at the University of Rochester. Desirable candidates will 
have an accomplished academic career with a distinguished 
research record. S/he will have a demonstrated record of 
management, mentorship, and collaboration. 


TO APPLY: Applications and nominations, including a resume 
and a substantive cover letter responding to the challenges 
outlined above, should be sent to: Philip Jaeger, Vice President, 
Heather Brome, Senior Associate, Isaacson, Miller, E-mail: 
4695 @imsearch.com, Phone: 617.262.6500 


The University of Rochester is an Equal Opportunity Employer 
and women and minorities are encouraged to apply. 


| ISAACSON, MILLER 
www.imsearch.com 


THE UNIVERSITY OF HONG KONG 


Founded in 1911, The University of Hong Kong is committed to 
the highest international standards of excellence in teaching and 
research, and has been at the international forefront of academic 
scholarship for many years. The University has a comprehensive 
range of study programmes and research disciplines spread 
across 10 faculties and about 100 sub-divisions of studies and 
learning. There are over 23,400 undergraduate and postgraduate 
students coming from 50 countries, and more than 1,800 
members of academic and academic-related staff, many of whom 
are internationally renowned. 


Post-doctoral Fellowships 
and Research Assistant Professorships 


Applications are invited for a number of positions as Post- 
doctoral Fellow (PDF) and Research Assistant Professor (RAP), 
at the University of Hong Kong, on or before February 28, 2014. 
Appointments will be made for a period of 2 to 3 years. 


PDF and RAP posts are created specifically to bring new impetus 
and vigour to the University’s research enterprise. Positions are 
available from time to time to meet the strategic research needs 
identified by the University. Positions are available in the following 
Faculties/Departments/Schools/Centres: 


Real Estate and Construction e¢ Research Centre of Infection 
School of Humanities and Immunology 
School of Modern Languages Public Health Research 
and Cultures Centre 
Faculty of Dentistry Centre for Reproduction, 
Civil Engineering Development and Growth 
Electrical and Electronic School of Biological Sciences 
Engineering Chemistry 
Mechanical Engineering Physics 
Community Medicine Geography 
Medicine Psychology 
Psychiatry The Hong Kong Institute 
Centre for Cancer Research for the Humanities and 
School of Chinese Medicine Social Sciences 
Research Centre of Heart, The State Key Laboratory for 
Brain, Hormone and Liver Research 


Healthy Aging The Hong Kong Jockey 
Club Centre for Suicide 


Research and Prevention 
Post-doctoral Fellows 
PDFs are expected to devote full-time to research. Applicants 
should be doctoral degree holders having undertaken original 
research that has contributed to the body of knowledge. A 
highly competitive salary commensurate with qualifications and 
experience will be offered. Annual leave and medical benefits 
will also be available. 


Research Assistant Professors 

The main focus of an RAP’s duty is research. RAPs can 
however be assigned some teaching duties, up to 50% of the 
normal teaching load. Applicants should be research active and 
have a proven publication record. A highly competitive salary 
commensurate with qualifications and experience will be offered, 
with a contract-end gratuity and University contribution to a 
retirement benefits scheme (totalling up to 15% of basic salary). 
Annual leave and medical benefits will also be offered. 


Procedures 

Prospective applicants are invited to visit our webpage at 
http://jobs.hku.hk to view the list of the Faculties/Departments/ 
Schools/Centres and their research areas for which PDF/RAP 
positions are currently available. Before preparing an application, 
they should contact the Head of the appropriate academic unit 
to ascertain that their research expertise matches the research 
area for which a vacant PDF/RAP post is available. 


Applicants must submit a completed University application form, 
which should clearly state which position they are applying for; 
and in which academic discipline. They should also provide 
further information such as details of their research experience, 
publications, research proposals, etc. 


Application forms (341/1111) can be obtained at 
http://www.hku.hk/apptunit/form-ext.doc. Further particulars can 


be obtained at http://jobs.hku.hk/. Closes peal 15, 2013. The 
University thanks applicants for their interest, but advises that only 
shortlisted applicants will be notified of the application result. 

The University is an equal opportunity employer and is committed to a No-Smoking Policy 
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Science 


There’s only one 
GALILEO GALILEI 


De in 1564, Galileo Galilei once contemplated a career in the priesthood. It’s perhaps fortunate 
for science that upon the urging of his father, he instead decided to enroll at the University of 
Pisa. His career in science began with medicine and from there he subsequently went on to become 
a philosopher, physicist, mathematician, and astronomer, for which he is perhaps best known. His 
astronomical observations and subsequent improvements to telescopes built his reputation as a 
leading scientist of his time, but also led him to probe subject matter counter to prevailing dogma. | Science 
His expressed views on the Earth’s movement around the sun caused him to be declared suspect _ 
of heresy, which for some time led to a ban on the reprinting of his works. | . ' 
Galileo’s career changed science for all of us and he was without doubt a leading light in the 


scientific revolution, which is perhaps why Albert Einstein called him the father of modern science. | 
Want to challenge the status quo and make the Earth move? At Science we are here to help you 


in your own scientific career with expert career advice, forums, job postings, and more — all for free. << ies De woe 

For your career in science, there’s only one Science. Visit ScienceCareers.org today. 4 _ } a 

For your career in science, there’s only one | S§cience MVAAAS 
ScienceCareers.org 


Career advice Jobpostings JobAlerts Career Forum Crafting resumes/CVs Preparing for interviews 


AAAS is here — 


helping scientists achieve career success. 


Every month, over 400,000 students and scientists 
visit ScienceCareers.org in search of the information, 
advice, and opportunities they need to take the 

next step in their careers. 


A complete career resource, free to the public, 
Science Careers offers a suite of tools and services 
developed specifically for scientists. With hundreds 
of career development articles, webinars and 
downloadable booklets filled with practical advice, 
a community forum providing answers to career 
questions, and thousands of job listings in 
academia, government, and industry, Science 
Careers has helped countless individuals prepare 
themselves for successful careers. 


As a AAAS member, your dues help AAAS make this 
service freely available to the scientific community. 
If you’re not a member, join us. Together we can 
make a difference. 


To learn more, visit 
aaas.org/plusyou/sciencecareers 


MVAAAS+tU=A 


CONFERENCE 


IAS 2013 


The IAS Conference on HIV Pathogenesis, 
Treatment and Prevention is the world’s 
largest scientific meeting focused on HIV 
and AIDS. 


IAS 2013 is a crucial opportunity to exam- 
ine the latest developments in HIV-related 
research, and to explore how scientific 
advances can be translated quickly into 
effective interventions to prevent and treat 
HIV. 


For more information and to register: 


www.ias2013.org 


A Q "| International 
@ @ AIDS Society 
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POSITIONS OPEN 


CENTER FOR VIROLOGY AND 
VACCINE RESEARCH 
Beth Israel Deaconess Medical Center 
Boston, Massachusetts 


Beth Israel Deaconess Medical Center and Harvard 
Medical School are seeking faculty members at the 
INSTRUCTOR, ASSISTANT PROFESSOR, or 
ASSOCIATE PROFESSOR level to lead indepen- 
dent research programs in the Center for Virology and 
Vaccine Research, Department of Medicine. The suc- 
cessful candidate will be a recognized basic, transla- 
tional, or clinical investigator with a Ph.D. and/or M.D. 
and a research focus in virology, immunology, micro- 
biology, vaccinology, or infectious diseases. Academic 
rank at Harvard Medical School will be based on qual- 
ifications. Preference will be given to candidates with a 
track record of independent funding. 

Beth Israel Deaconess Medical Center and Harvard Medical 
School are Equal Opportunity Employers. Women and minorities 
are particularly encouraged to apply. Please submit applica- 
tion letter and current curriculum vitae to: 

Dan H. Barouch, M.D., Ph.D. 
Director, Center for Virology and 
Vaccine Research 
Beth Israel Deaconess Medical Center 
Attn: Kathryn Kelly 
E-mail: kkelly7 @bidmc.harvard.edu 
Telephone: 617-735-4574 
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Vy More scientists agree —we 
are the most useful website. 


www.ScienceCareers.org 
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today. 
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From technology specialists to patent 
attorneys to policy advisers, learn more 
about the types of careers that scientists 
can pursue and the skills needed in order 
to succeed in nonresearch careers. 
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